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Iron accelerates Fusobacterium
nucleatum-induced CCL8 expression
in macrophages and is associated with
colorectal cancer progression

Taishi Yamane,"? Yohei Kanamori," Hiroshi Sawayama,? Hiromu Yano,? Akihiro Nita,' Yudai Ohta,’
Hironori Hinokuma, Ayato Maeda,' Akiko Iwai,' Takashi Matsumoto,"? Mayuko Shimoda,’
Mayumi Niimura,' Shingo Usuki,* Noriko Yasuda-Yoshihara,? Masato Niwa,* Yoshifumi Baba,?
Takatsugu Ishimoto,?® Yoshihiro Komohara,®*” Tomohiro Sawa,® Tasuku Hirayama,* Hideo Baba,?’
and Toshiro Moroishi'’

'Department of Cell Signaling and Metabolic Medicine, Faculty of Life Sciences, 2Department of Gastroenterological
Surgery, Graduate School of Medical Sciences, *Department of Cell Pathology, Graduate School of Medical Sciences, and
“Liaison Laboratory Research Promotion Center, Institute of Molecular Embryology and Genetics, Kumamoto University,
Kumamoto, Japan. *Laboratory of Pharmaceutical and Medicinal Chemistry, Gifu Pharmaceutical University, Gifu, Japan.
fGastrointestinal Cancer Biology, International Research Center for Medical Sciences, "Center for Metabolic Regulation
of Healthy Aging, Faculty of Life Sciences, and #Department of Microbiology, Graduate School of Medical Sciences,

Kumamoto University, Kumamoto, Japan.

Accumulating evidence suggests that high levels of Fusobacterium nucleatum in colorectal
tumor tissues can be associated with poor prognosis in patients with colorectal cancer (CRC);
however, data regarding distinct prognostic subgroups in F. nucleatum-positive CRC remain
limited. Herein, we demonstrate that high-iron status was associated with a worse prognosis in
patients with CRC with F. nucleatum. Patients with CRC presenting elevated serum transferrin
saturation exhibited preferential iron deposition in macrophages in the tumor microenvironment.
In addition, F. nucleatum induced CCL8 expression in macrophages via the TLR4/NF-kB signaling
pathway, which was inhibited by iron deficiency. Mechanistically, iron attenuated the inhibitory
phosphorylation of NF-kB p65 by activating serine/threonine phosphatases, augmenting tumor-
promoting chemokine production in macrophages. Our observations indicate a key role for iron in
modulating the NF-kB signaling pathway and suggest its prognostic potential as a determining
factor for interpatient heterogeneity in F. nucleatum-positive CRC.

Introduction
Colorectal cancer (CRC) is the third most commonly diagnosed cancer and the second leading cause of can-
cer-related deaths worldwide (1). Genetic predispositions and environmental triggers play an important role
in the initiation and progression of CRC. Recent studies have shown that the gut microbiota contributes to the
pathogenesis of CRC by affecting local immune responses (2). In particular, increased abundance of Fusobac-
terium nucleatum has been associated with poor prognosis in patients with CRC (3). Although it is generally
believed that F. nucleatum contributes to the development of CRC by inducing chronic inflammation and
suppressing the host immunity (4), some studies suggest the existence of distinct prognostic subgroups in F.
nucleatum—positive CRC. For example, Oh et al. have reported a comparable prognostic effect of F. nucleatum
levels in patients with stage II or III CRC treated with adjuvant chemotherapy (5), suggesting that additional
factors affecting the patient background need to be considered to clarify the prognostic potential of F. nuclea-
tum in CRC. Indeed, Yang et al. have reported that high expression of microRNA-21 can be associated with
the poor prognosis of patients with CRC with high F. nucleatum levels (6). However, factors determining the
interpatient heterogeneity in F. nucleatum—positive CRC need to be comprehensively elucidated.

Previous studies have revealed that F. nucleatum facilitates the development of a proinflammatory
microenvironment in CRC (7). For instance, F. nucleatum was shown to recruit proinflammatory neutrophils
and macrophages in a mouse model of colorectal carcinogenesis (8). Accumulated evidence has revealed
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that iron metabolism orchestrates the inflammatory responses to bacterial infections (9). Iron chelation
reportedly upregulates the mRNA levels of Tnf, I/12, and Ifng in the spleens of Salmonella typhimurium—
infected mice (10). Mycobacterium tuberculosis—induced nitric oxide production was found to be blunted in
iron-depleted J774 macrophages (11). Furthermore, iron accumulation in macrophages was shown to pro-
mote LPS-induced TNF-o production (12). Based on these observations, we hypothesized that aberrant
iron metabolism might be crucial for F. nucleatum—induced CRC progression.

Herein, we investigated the relationship between systemic iron status and CRC prognosis. We demon-
strate that iron accumulation in macrophages within CRC tissues was associated with poor prognosis in F.
nucleatum—positive patients with CRC. In vitro validation experiments revealed that iron was required for
the efficient activation of the NF-«xB signaling pathway and the consequent induction of tumor-promoting
chemokines in macrophages upon F. nucleatum infection. Our results suggest a prognostic role for iron in
F. nucleatum—positive CRC.

Results

Intratumoral iron deposition was associated with poor prognosis in patients with CRC with high F. nucleatum. To
examine the relationship between iron metabolism and F. nucleatum—induced CRC progression, patients
with CRC were subdivided according to their intratumoral F. nucleatum levels and serum transferrin satura-
tion (TSAT), an index of systemic iron status; their survival was compared using Kaplan-Meier plots. High
TSAT was associated with poor overall survival (OS) in patients with CRC with high F. nucleatum levels (P
< 0.0001) (Figure 1A and Supplemental Table 1; supplemental material available online with this article;
https://doi.org/10.1172/jci.insight.156802DS1). Moreover, high TSAT was an independent risk factor for
poor OS, as determined by multivariate analysis (HR, 8.33; 95% CI, 1.587-52.73; P = 0.012) (Table 1). In
contrast, TSAT did not affect OS in patients with CRC who exhibited low and negative F. nucleatum levels
(P =0.93) (Figure 1B and Supplemental Table 2). These results suggest that high iron status contributes to
CRC progression in the presence of F. nucleatum.

To determine the presence of iron in CRC tissues, tissue specimens from patients with CRC were sub-
jected to iron staining. Iron deposition was observed in CRC tissues from patients with high TSAT levels,
whereas only faint iron staining was observed in those with normal TSAT levels (Figure 1C). Notably, iron
deposition was mostly observed in macrophages, whereas no apparent iron deposition was detected in other
immune or cancer cells (Figure 1D and Supplemental Figure 1). Collectively, these results indicated that
iron preferentially accumulates in macrophages within CRC tissues of patients exhibiting high iron status.

Iron accelerated F. nucleatum—induced chemokine production in macrophages. Based on our initial findings, we
speculated that macrophage iron metabolism is involved in the pathogenesis of F. nucleatum—induced CRC.
To explore the effect of iron on macrophage properties in F. nucleatum—positive CRC tissues, THP1 human
macrophages were pretreated with ferric ammonium citrate (FAC) or iron chelator deferoxamine (DFO)
and stimulated with F. nucleatum (Figure 2A). RNA-sequencing analysis revealed that the expression of
63 genes was significantly increased and that of 210 genes was significantly decreased in FAC-treated cells
when compared with DFO-treated cells (Figure 2B and Supplemental Table 3). Gene ontology (GO) anal-
ysis revealed that chemokine signaling—related genes were upregulated (Figure 2C and Supplemental Table
4), and metabolism-related genes were downregulated (Supplemental Figure 2 and Supplemental Table 8)
in FAC-treated cells. Given that several lines of evidence indicate the important role of chronic inflam-
mation in the pathogenesis of F. nucleatum—induced CRC (7), we focused on genes related to chemokine
signaling. Gene set enrichment analysis (GSEA) revealed that genes annotated with the “CCR chemokine
receptor binding” GO term were upregulated in FAC-treated cells. Among the genes annotated with “CCR
chemokine receptor binding,” several chemokine genes, such as CXCL6, CCLS8, and CCL15, were differen-
tially increased in FAC-treated cells when compared with DFO-treated cells (Figure 2D and Supplemental
Table 5). To validate our RNA-sequencing data, we further examined the expression of these chemokines
in THP1 cells cocultured with F. nucleatum under iron-deficient and iron-overload conditions using reverse
transcription and quantitative PCR (RT-qPCR). F. nucleatum—induced expression of these chemokines was
enhanced or unaltered by iron loading, whereas it was markedly inhibited by iron depletion (Figure 2E and
Supplemental Table 7). The slight difference in mRNA levels of these chemokines between FAC-treated
cells and untreated cells could be attributed to the high basal levels of iron in THP-1 cells under regular cell
culture conditions (Supplemental Figure 3). These observations suggest that iron is essential for the efficient
production of chemokines by macrophages in response to F. nucleatum.
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Figure 1. Intratumoral iron deposition is associated with poor prognosis in patients with colorectal cancer with high F. nucleatum levels. (A) High
transferrin saturation (TSAT) is associated with poor overall survival of patients with colorectal cancer (CRC) with high F. nucleatum levels. Overall survival
curves for patients with CRC with high F. nucleatum levels are shown. Patients were subdivided into high (n = 8) or low (n = 50) TSAT groups. ***P < 0.001
(log-rank test). (B) TSAT is not associated with overall survival in patients with CRC with low or negative F. nucleatum levels. Overall survival curves for
patients with CRC with low or negative levels of F. nucleatum are shown. Patients were subdivided into high (n = 30) or low (n = 116) TSAT groups. P > 0.05
(log-rank test). (€) Iron accumulates in CRC tissues in patients with high TSAT levels. DAB-enhanced Perls’ iron staining was performed on paraffin-
embedded CRC tissues from patients with normal (n = 50) or high (n = 8) TSAT levels. Data are presented as the mean + SD. ***P < 0.001 (Mann-Whitney
U test). Scale bar: 50 um. (D) Iron preferentially accumulates in macrophages within CRC tissues. Costaining of iron (DAB-enhanced Perls’ staining, shown
in brown) together with immune cells (immunostaining for IBA1 [macrophage], CD66b [granulocyte], or CD8 [T cell], shown in green) or cancer cells (immu-
nostaining for cytokeratin 20 [CK20], shown in green) was performed on paraffin-embedded CRC tissues from patients with high TSAT levels and iron
deposition (n = 7). Scale bar: 20 um. ***P < 0.001 (1-way ANOVA test followed by Tukey's comparison test).

F. nucleatum induced chemokine production via TLR4/NF-kB signaling, which was inhibited by iron deficiency.
In an attempt to identify the molecular mechanisms underlying iron regulation of inflammatory chemok-
ine production, we first investigated the signaling pathway responsible for F. nucleatum—induced chemok-
ine expression in THP1 macrophages. F. nucleatum is a Gram-negative bacterium that contains LPS on its
surface (13), and a previous study showed that the LPS-responsive TLR4/NF-kB pathway is activated in
response to F. nucleatum (6). Treatment with TAK-242, a TLR4 inhibitor, suppressed F. nucleatum—induced
gene expression of CXCL6, CCL8, and CCL15 in THP1 macrophages (Figure 3A). Moreover, F. nucleatum—
induced upregulation of these genes was abrogated in RELA-KO (human RELA gene encodes NF-«kB p65
protein) THP-1 cells when compared with WT cells (Figure 3, B and C; Supplemental Figure 4, A-C;
and Supplemental Tables 6 and 9). Additionally, we confirmed that expression of these chemokines can
be induced by LPS treatment in THP1 cells; this expression was almost completely inhibited in RELA-KO
THP-1 cells (Figure 3D). Taken together, our observations indicated that TLR4/NF-«B signaling is required
for F. nucleatum—induced gene expression of CXCL6, CCLS8, and CCL15 in THP-1 macrophages.

As described above, given that DFO treatment is suitable for effectively evaluating the roles of intra-
cellular iron in THP-1 cells under cell culture conditions (Supplemental Figure 3), we examined the
effects of iron deficiency to explore the link between iron and TLR4/NF-kB signaling in the following
experiments. DFO inhibited LPS-induced upregulation of CXCL6, CCLS, and CCL15 (Figure 4A). Sup-
plementation of media with FAC almost completely reversed the suppressive effect of DFO, suggesting
that iron chelation is responsible for the suppressive effects of DFO on LPS-induced chemokine pro-
duction. We also observed that LPS-induced chemokine gene expression was inhibited by another iron
chelator (Supplemental Figure 5). These data indicated that iron is involved in the efficient induction of
chemokine genes under TLR4 signaling.

Activation of TLR4 reportedly induces phosphorylation of inhibitor of kB (IkB) by the IxB kinase
(IKK) complex and degradation of IkB (14). NF-«B released from IkB translocates into the nucleus and
induces the expression of its target genes. Herein, we observed that treatment with DFO did not affect
the levels of phospho-IkB and total IkB, nor did nuclear translocation of NF-kB p65 in LPS-stimulated
THP1 cells (Figure 4, B and C), suggesting that cellular iron status does not affect LPS-induced nuclear
translocation of NF-kB in THP-1 cells. In contrast, we found that DFO markedly increased LPS-induced
phosphorylation of NF-kB p65 at serine 536, which reportedly suppresses the transcriptional activity of
NF-«B (15) (Figure 4D). These results suggest that iron negatively regulates the inhibitory phosphorylation
of NF-«B p65 at S536, thereby enhancing TLR4/NF-«kB signaling.

Iron deficiency induced the inhibitory phosphorylation of NF-kB p65 by inhibiting protein phosphatases. We
hypothesized that two potential mechanisms underlie the enhanced inhibitory phosphorylation of NF-xB
p65 upon iron depletion. First, kinases that promote NF-xB p65 phosphorylation at S536 may be sup-
pressed by iron. Second, phosphatases that remove S536 phosphorylation may be activated by iron.

We first aimed to examine the association between iron and kinases responsible for the phosphoryla-
tion of NF-kB p65 at S536. The phosphorylation of NF-kB p65 at S536 is mediated by the IKK complex
(14). The IKK complex consists of 2 catalytic subunits (IKKa and IKKf) and a regulatory subunit (IKKy),
integrating signals from upstream NF-«kB activating stimuli to catalyze the phosphorylation of various
substrates, including NF-xB p65 and IxB.

A previous study has revealed that S536 phosphorylation of NF-kB p65 relies on IKKa in murine
macrophages (16), whereas IkB phosphorylation relies on IKKp (17). As DFO treatment did not
affect LPS-induced IxB phosphorylation (Figure 4B), we postulated that iron could selectively inhibit
IKKa-mediated phosphorylation of NF-«B p65 at S536. However, in our experimental settings, IKKa
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Table 1. Univariate and multivariate analysis for factors associated with overall survival in patients with colorectal cancer exhibiting
high levels of F. nucleatum

Univariate analysis Multivariate analysis
Factors Objective variable Control HR 95% Cl Pvalue HR 95% Cl Pvalue
Age >70 years <70 years 7.74 (1.333-147.48) 0.019% 6.18 (0.967-122.41) 0.055
Sex Male Female 1.53 (0.426-5.834) 0.52
BMI >25 kg/m? <25 kg/m? 0.95 (0.130-4.577) 0.95
TSAT >30% <30% 10.24 (2.072-60.11) 0.0045* 8.33 (1.587-52.73) 0.012%
Tumor location Right sided Left sided m (0.290-4.026) 0.87
Depth of invasion Pathological T4 | Pathological T1-3 3.33 (0.719-14.67) 0.120
LN metastasis Present Absent 2.38 (0.532-9.724) 0.244
Pathological type Por, sig, muc Tub, pap 1.86 (0.349-8.246) 0.441
Lymphatic invasion Present Absent 0.75 (0.037-5.291) 0.79
Vascular invasion Present Absent 1.82 (0.507-6.970) 0.36

CRC, colorectal cancer; TSAT, transferrin saturation; LN, lymph node; Tub, tubular adenocarcinoma; Pap, papillary adenocarcinoma; Por, poorly
differentiated adenocarcinoma; Sig, signet-ring cell carcinoma; Muc, mucinous adenocarcinoma. #P < 0.05.

deletion did not decrease S536 phosphorylation of NF-xB p65 in response to LPS, irrespective of DFO
treatment in THP-1 cells (Figure 5, A and B; Supplemental Figure 6, A and B, and Supplemental Tables
6 and 9). Furthermore, we detected no apparent difference in S536 phosphorylation between IKKB-KO
cells and WT cells (Figure 5, A and C; Supplemental Figure 7; and Supplemental Tables 6 and 9). In
contrast, S536 phosphorylation of NF-kB p65 was largely undetectable in IKKa/p double-KO THP-1
cells, even under LPS treatment conditions (Figure 5, A and D; Supplemental Figure 8; and Supple-
mental Tables 6 and 9). These results indicated that (a) the IKK complex is necessary for S536 phos-
phorylation of NF-xB p65 under TLR4 activation and (b) the 2 catalytic subunits IKKa and IKKf are
redundant in terms of their ability to induce S536 phosphorylation of NF-kB p65 upon TLR4 activa-
tion. Thus, these observations do not support our initial hypothesis that iron inhibits IKKa-dependent
phosphorylation of NF-kB p65 at S536.

We next investigated the association between iron and phosphatases responsible for the dephosphory-
lation of NF-kB p65 at S536. Serine/threonine phosphatases PP1 and PP2A have been shown to dephos-
phorylate S536 of NF-xB p65 (18, 19). We observed that pretreatment with calyculin A, an inhibitor
of PP1 and PP2A, increased S536 phosphorylation of NF-kB p65 in LPS-stimulated THP1 cells in a
dose-dependent manner. Importantly, there was no apparent difference in the levels of S536-phosphory-
lated NF-kB p65 between DFO-treated and untreated cells in the presence of calyculin A, suggesting that
iron deficiency inhibits PP1 and/or PP2A; the result of this is the promotion of S536 phosphorylation
of NF-«xB p65 (Figure 5E). These results indicated that iron-dependent phosphatases PP1 and/or PP2A
limit the levels of inhibitory phosphorylation of NF-kB p65 at S536, resulting in the maximal activation
of TLR4/NF-«B signaling under iron-rich conditions.

High expression of CCL8 was associated with poor prognosis in patients with CRC. Our in vitro data
suggest that iron accelerates F. nucleatum—induced inflammatory chemokine expression, includ-
ing CXCL6, CCLS8, and CCL15, via TLR4/NF-kB signaling in macrophages. Among these chemo-
kines, CCL8 is mainly secreted by macrophages in the tumor microenvironment (20-22), whereas
cancer cells, rather than macrophages, are the primary source of CXCL6 and CCL15 (23, 24).
Indeed, the expression level of CCL8 was significantly higher in patients with F. nucleatum—
positive CRC with high TSAT levels than in those with normal TSAT levels (Figure 6A). Coimmu-
nostaining analysis using CCL8 and IBA1 antibodies revealed that macrophages produce CCLS8 in
patients with F. nucleatum—positive CRC with high TSAT levels (Figure 6B). To examine the clini-
cal relevance of CCL8 chemokines in CRC progression, we examined CCLS mRNA expression
in patients with stage I-IIT CRC from The Cancer Genome Atlas database. Kaplan-Meier survival
analysis revealed that high CCLS expression was associated with poor OS in patients with CRC
(P=0.0077) (Figure 6C). Taken together, these results suggest that macrophage-derived CCLS8 is associ-
ated with poor prognosis in patients with F. nucleatum—positive CRC with high iron status.
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Figure 2. Iron accelerates F. nucleatum-induced chemokine expression in macrophages. (A) Schematic illustration of the experimental protocol for RNA-
sequencing analysis. THP-1 macrophages were pretreated with ferric ammonium citrate (FAC; 100 uM) or deferoxamine (DFO; 100 pM) for 8 hours, followed
by treatment with F. nucleatum at a multiplicity of infection (MOI) of 10 for 3 hours. (B) Heatmap showing differentially expressed genes (fold change > 2 and
adjusted P < 0.05) identified by RNA-sequencing analysis of THP-1 macrophages. (C) Genes related to chemokine signaling were enriched as the upregulated
genes in FAC-treated THP-1 macrophages. Gene ontology (GO) analysis of 63 genes upregulated in FAC-treated THP-1 macrophages was performed, and the
top 10 significantly enriched categories are shown. (D) Genes annotated with the “CCR chemokine receptor binding” GO term were upregulated in FAC-treated
THP-1 macrophages. Gene set enrichment analysis of the expression pattern of genes annotated with CCR chemokine receptor binding in FAC-treated and
DFO-treated THP-1 macrophages is shown. (E) Iron potentiates F. nucleatum-induced expression of chemokines in THP-1 macrophages. THP-1 macrophages

JCl Insight 2022;7(21):e156802 https://doi.org/10.1172/jci.insight.156802 6


https://doi.org/10.1172/jci.insight.156802

. RESEARCH ARTICLE

were pretreated with FAC (100 uM) or DFO (100 uM) for 8 hours, followed by treatment with F. nucleatum at a MOl of 10 for 3 hours. RT-gPCR analysis of
chemokine expression is shown. Data are presented as the mean + SD of triplicates from a representative experiment.

Discussion

CCLS8 belongs to the CC chemokine subfamily (25) and plays a pivotal role in various diseases, such as
human immunodeficiency virus—associated dementia and visceral hypersensitivity induced by inflammatory
bowel disease and colitis (26-28). Previous observations suggest the involvement of macrophage-derived
CCLS in the migration and invasion of cancer cells, including glioblastoma and squamous cell carcinoma
cells (21, 22, 29). In the present study, we demonstrated that high expression levels of CCL8§ mRNA in
tumor tissues were associated with poor prognosis of patients with stage I-IIT CRC (Figure 6C), implying
that CCL8 may be a useful prognostic biomarker for patients with CRC. In addition, we observed that F.
nucleatum induces CCL8 expression in macrophages via the TLR4/NF-«kB signaling pathway. Our data
indicate that NF-«B is the main transcription factor involved in F. nucleatum—induced CCLS expression in
macrophages, as RELA deletion markedly suppresses its induction (Figures 3C). This finding is consistent
with those in a recent report that used a computational approach to predict CCL8 as a putative NF-«B tar-
get in prostate cancer (30). Moreover, our observations, together with previous findings (31, 32), established
a key role for iron in modulating the NF-«B signaling pathway. It has been reported that iron potentiates
NF-«B signaling by upregulating the kinase activity of IKK, resulting in phosphorylation and degradation
of IkB and consequent NF-«B activation in Kupffer cells (31, 32). However, in the present study, iron depri-
vation did not affect the phosphorylation status or total abundance of IxkB under TLR4 activation (Figure
4B). Although the precise molecular mechanisms underlying these controversial results remain elusive, the
regulatory mechanism of NF-kB activation by cellular iron might be cell-type dependent, conferring the
stimulatory effects of iron on the NF-«B signaling pathway via multiple pathways.

The dynamics of reversible protein phosphorylation are maintained by a balance between kinases and
phosphatases (33). Although the regulatory mechanisms of protein kinases have been intensively studied,
the importance and dynamic regulation of protein phosphatases are poorly explored. Previous studies have
revealed that protein phosphatase activity is modulated by multiple factors, including polyamines and metal
ions (34, 35). The protein serine/threonine phosphatase PP2A isolated from rabbit skeletal muscle can be
directly activated by ferrous iron and ascorbate in vitro (36), suggesting that cellular ferrous iron may serve
as a biological cofactor for PP2A activity. Consistently, we demonstrated that cellular iron availability is
crucial for the meditation of the functions of phosphatases PP1 and/or PP2A in macrophages (Figure 5E),
contributing to the regulation of inflammatory responses of macrophages upon F. nucleatum infection.

Several lines of evidence indicate that excess iron is associated with poor patient outcomes in various
types of cancers, including CRC (37). For instance, dietary iron overload exacerbates colonic inflam-
mation and promotes tumor development in mouse models of inflammation-associated colorectal tum-
origenesis (38). Another study has demonstrated that preoperative iron status predicts the prognosis of
patients with stage II and III CRC (39). In the current study, we revealed that high iron status is associ-
ated with a worse prognosis in patients with CRC infected with F. nucleatum. Collectively, these findings
not only demonstrate a key role for iron in colorectal tumorigenesis, but also reveal its potential as a
determinant factor for interpatient heterogeneity in F. nucleatum—positive CRC. Elucidating the molecu-
lar and cellular mechanisms underlying the effects of iron on chronic inflammation and tumor progres-
sion in F. nucleatum infection may open new avenues for the future development of precision prevention
and valuable therapy for F. nucleatum—positive CRC.

Methods
Further information can be found in Supplemental Methods.

Patients. From January 2005 to December 2019, a consecutive series of 546 patients underwent elec-
tive colorectal resection for pathological stage I-III CRC at Kumamoto University Hospital. Of these,
patients were excluded if they met any one of the following criteria: (a) fresh frozen CRC tissue was not
available (266 patients); (b) preoperative TSAT was not available (76 patients). Finally, 204 patients were
retrospectively analyzed in this study.

DNA extraction and qPCR for intratumor F. nucleatum. Genomic DNA was isolated from frozen CRC
tissues, and quantitative PCR was performed to measure the amount of tissue DNA that was positive for
F. nucleatum as previously described (40). Cases with detectable F. nuclearum DNA were categorized as
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Figure 3. F. nucleatum activates TLR4/NF-xB signaling to induce chemokines in macrophages. (A) TLR4 mediates F. nucleatum-induced chemok-
ine expression in THP-1 macrophages. THP-1 macrophages were pretreated with TAK-242 (5 uM) for 1 hour, followed by treatment with F. nucleatum
(MOI = 10) for 3 hours. RT-gPCR analysis of chemokine expression is shown. Data are presented as the mean + SD of triplicates from a represen-
tative experiment. (B) NF-kB p65 expression was undetectable in RELA-KO THP-1 cells. Immunoblot analysis of NF-xB p65 in WT and RELA-KO
THP-1 cells is shown. (C) NF-kB p65 is required for F. nucleatum-induced chemokine expression in THP-1 macrophages. WT and RELA-KO THP-1
macrophages were treated with F. nucleatum (MOI = 10) for 3 hours. RT-gPCR analysis of chemokine expression is shown. Data are presented as the
mean + SD of triplicates from a representative experiment. n.d., not detected. (D) NF-xB p65 mediates LPS-induced chemokine expression in THP-1
cells. WT and RELA-KO THP-1 cells were treated with LPS (100 ng/ml) for 3 hours. RT-gPCR analysis of chemokine expression is shown. Data are
presented as the mean + SD of triplicates from a representative experiment.

high or low according to the median cutoff for F. nucleatum DNA; cases with undetectable F. nucleatum
DNA were defined as negative.

Evaluation of TSAT and patient characteristics. We evaluated the preoperative iron status using TSAT,
calculated as the ratio of serum iron to total iron-binding capacity (41). We defined TSAT as 230%, which
is higher than the normal range, as high levels of TSAT and TSAT <30% were considered normal.
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indicated time, followed by immunoblot analysis.

JCl Insight 2022;7(21):e156802 https://doi.org/10.1172/jci.insight.156802 9


https://doi.org/10.1172/jci.insight.156802

. RESEARCH ARTICLE

We subdivided enrolled patients according to their intratumoral F. nucleatum levels and preopera-
tive TSAT levels. Patient characteristics according to TSAT levels in groups with high amounts of F.
nucleatum are shown in Supplemental Table 1, while characteristics of the low and negative F. nucleatum
groups are shown in Supplemental Table 2.

Histological analysis. CRC tissues were fixed using neutral-buffered formalin and embedded in paraffin.
The sections were stained with Perls’ reagent and developed using DAB, as previously described (42). After
iron staining, the slides were subsequently incubated with primary antibodies against CD8 (clone SP16,
ab9829; Abcam), CD66b (clone G10F5, 555723; BD Pharmingen), cytokeratin 20 (clone Ks20.8, 413491;
Nichirei), and IBA1 (polyclonal, 019-19741; Wako) overnight at 4°C. The sections were visualized using
HistoGreen (E109; Cosmo Bio) and counterstained with Mayer hematoxylin. CCL8 (clone 1.1_2D4-1A3,
LS-B8198; LSBio) staining was conducted using DAB, followed by costaining with IBA1 using HistoGreen.
Images were obtained with a KEYENCE BZ-X800 all-in-one microscope (KEYENCE). Quantification
was performed using the KEYENCE BZ analyzer.

Cell culture. Briefly, THP-1 human monocytes (TIB-202; ATCC) were cultured in RPMI-1640 (189-
02025; Wako) supplemented with 10% fetal bovine serum (175012; Nichirei), penicillin (100 U/mL)
(168-23191; Wako), and streptomycin (100 mg/mL) (168-23191; Wako). F. nucleatum was cultured as
previously described (43). THP-1 monocytes were pretreated with 100 pM FAC (RES20400-A7; Sig-
ma-Aldrich), 100 pM DFO (D9533; Sigma-Aldrich), or the indicated concentration of calyculin A (038-
14453; Wako) for the indicated time, followed by stimulation with 100 ng/mL LPS (tlrl-eblps; Invivo-
Gen) for the indicated time. THP-1 monocytes were differentiated into macrophages using 6 ng/mL
phorbol 12-myristate 13-acetate (AG-CN2-0010; AdipoGen) for 48 hours. Differentiated cells were pre-
treated with 100 uM FAC, 100 uM DFO, or 5 uM TAK-242 (13871; CAYMAN) for the indicated times,
followed by treatment with F. nucleatum at a multiplicity of infection of 10 for 3 hours.

RNA sequencing. Total RNA was extracted from THP1 cells using TRIzol reagent (15596026; Invitrogen).
Libraries were constructed from total RNA using the TruSeq Stranded mRNA Library Prep kit (RS-122-2101;
Illumina). The quality of the libraries was determined using an Agilent 2200 TapeStation (Agilent Technol-
ogies). High-throughput sequencing was performed using a NextSeq500 instrument (Illumina). The reads
were mapped against the human (hg38) genome using HISAT2. Differential expression analysis was per-
formed using the DESeq?2. Differentially expressed genes were selected according to fold change and adjust-
ed Pvalue (fold change > 2, adjusted P < 0.05, Supplemental Table 3). GO analysis of differentially expressed
genes was performed using the Enrichr platform (https://maayanlab.cloud/Enrichr/; Supplemental
Table 4). Fold change rankings were used in GSEA (http://software.broadinstitute.org/gsea/index.jsp)
to identify differentially regulated pathways (g < 0.05; Supplemental Table 5).

Gene deletion using CRISPR/Cas9 system. RELA, IKKa, IKKB-KO THP-1 cells were generated by the
CRISPR/Cas9 system (44). The CRISPR/Cas9 guide RNA targeting guide sequences were designed using
the CRISPR (http://crispor.tefor.net/). The guide sequences are listed in Supplemental Table 6. Targeting
sequences were cloned into the lentiCRISPR v2 plasmid (52961; Addgene). The lentiviral transfer plasmids
were cotransfected with the packaging plasmids pLenti-P2A and pLenti-P2B (LV003; Applied Biological Mate-
rials Inc.) into HEK293T cells using PolyJet (SL100688; SignaGen). Forty-eight hours after transfection, lenti-
viral supernatant was supplemented with 5 ug/mL polybrene (TR-1003-G; MERCK)), filtered through a 0.45
um filter IPVH00010; MERCK), and used for infection. Forty-eight hours after infection, THP-1 cells were
selected with puromycin (A1113803; Thermo Fisher Scientific) in culture medium. Subsequently, the cells were
single-cell sorted using fluorescence-activated cell sorting. We selected KO clones by immunoblot analysis.

RT-gPCR analysis. Total RNA was extracted from cells using TRIzol (15596026; Invitrogen), and
cDNA was synthesized using the ReverTra Ace qPCR RT kit (FSQ-301; TOYOBO), according to the
manufacturer’s protocols. Quantitative PCR was performed using Luna Universal gPCR Master Mix
(M3003; New England Biolabs). The sequences of qPCR primers are listed in Supplemental Table 7. Data
were normalized to GAPDH levels and analyzed using the AACT method. We defined a CT value of more
than 40 or nonspecific amplification in the melt curve analysis as not detected.

Immunoblot analysis. In brief, equal amounts of protein samples were resolved using SDS-PAGE
under reducing conditions. The following antibodies were purchased and used in the present study:
antibodies against IKKa (catalog 11930), IKKf (catalog 8943), IkB (catalog 4814), pIkB (S32; 2 cat-
alog 859), NF-kB p65 (catalog 8242), and pNF-kB p65 (S536; catalog 3033) were procured from Cell
Signaling Technology; antibodies against actin (ab3280) were from Abcam; antibodies against HSP90

JCl Insight 2022;7(21):e156802 https://doi.org/10.1172/jci.insight.156802 10


https://doi.org/10.1172/jci.insight.156802
https://insight.jci.org/articles/view/156802#sd
https://insight.jci.org/articles/view/156802#sd
https://insight.jci.org/articles/view/156802#sd
http://software.broadinstitute.org/gsea/index.jsp
https://insight.jci.org/articles/view/156802#sd
http://crispor.tefor.net/
https://insight.jci.org/articles/view/156802#sd
https://insight.jci.org/articles/view/156802#sd

RESEARCH ARTICLE

A —_~ o~ o~ —~
B oEoE & Q
S 60 0 3
£ ¥ ¥ ¥ o
(=] o o o O
= ¥ X x X X
S X X xXx x X
IB: IKKa | Wi S |
IB: IKKR | Cl—— |
IB: actin | N——
B KKa  IKKa c IKKB  IKKB
WT  KO®#1) KO(@#2) WT  KO®#1) KO@#2)
DFO: () (*) (= ) () () DFO: (-) () () () (= )
LPS:  (+) () () (+*) (*) () LPS:  (+) (*) (*) (+*) (+) (%)
IB: pNF-kB p65 [ ___ IB: pNF-kB p65 |
(S536) | _---l P (sspse) | _—-—-l
IB: NF-xB p65 | JE e e S Sy - | IB: NF-kB p65 |m|
1B: actin [ —————— IB: actin |-“-|
D E _
oy Kiap CalyculinA (nM): 0 50 100
FO: O ™ O @ DFO: () () () () () )
- LPS:  (+) () (+) () (v) ()
PS ) ) ) ™) IB: pNF-KB p65
i p— P sa36) —-—.-‘
(S536)
IB: NF-«B p65 | S Y | IB: NF-kB p65 M
IB: actin IEI IB: actin | ———

Figure 5. Protein phosphatases PP1and PP2A require iron to limit inhibitory phosphorylation of NF-kB p65 upon TLR4 activation. (A) IKKa/3 expres-
sion was undetectable in IKK-KO THP-1 cells. Immunoblot analysis of IKKa and IKKB in WT, IKK-KO, IKKB-KO and IKKa/pB double-KO (dKO) THP-1 cells is
shown. (B) Deletion of IKKo. did not suppress iron chelation-induced inhibitory phosphorylation of NF-«xB p65 at S536. WT and IKKa-KO THP-1 cells were
pretreated with deferoxamine (DFO; 100 pM) for 8 hours, followed by treatment with LPS (100 ng/mL) for 1 hour. Immunoblot analysis of NF-xB p65 phos-
phorylation at S536 is shown. (C) Deletion of IKKB has no effect on iron chelation-induced inhibitory phosphorylation of NF-xB p65 at S536. WT and IKK-
KO THP-1 cells were treated with DFO (100 uM) for 8 hours prior to LPS (100 ng/mL) treatment for 1 hour and then subjected to immunoblot analysis. (D)
Dual inhibition of IKKe and IKKB blocks S536 phosphorylation of NF-xB p65. WT and IKKa/f dKO THP-1 cells were treated with DFO (100 uM) for 8 hours
prior to LPS (100 ng/mL) treatment for 1 hour, followed by immunoblot analysis. (E) Iron deficiency enhances the inhibitory phosphorylation of NF-kB p65
by inhibiting the protein phosphatase PP1/PP2A. THP-1 cells were treated with DFO (100 uM) for 8 hours and stimulated with LPS (100 ng/mL) for 1 hour in
the presence or absence of calyculin A. Immunoblot analysis of NF-xB p65 phosphorylation at S536 is shown.

(catalog 610418) were purchased from BD Biosciences. See complete unedited blots in the supplemental
material (Supplemental Figures 9 and 10).

Immunofluorescent staining. Briefly, cells were fixed with 4% paraformaldehyde and permeabilized with
0.1% Triton X-100. Then, cells were stained with anti-NF-«B p65 antibody (8242; Cell Signaling Technol-
ogy) and Alexa Fluor 488-labeled goat secondary antibody (A-11008; Invitrogen). Images were obtained
with the KEYENCE BZ-X800, and quantification was performed using a BZ analyzer (KEYENCE).

Analysis of published data. OS was compared among patients with stage I-IIT CRC presenting high
or low levels of CCL8 expression in The Cancer Genome Atlas data set accessed with the Human Pro-
tein Atlas website (45). Downloaded clinical data (follow-up period and dead or alive) of patients with
stage I-IIT CRC were matched to the CCLS expression (FPKM value) in tumor tissues and analyzed
using the Kaplan-Meier survival method.

Data availability statement. The data generated in the present study are publicly available in the Gene
Expression Omnibus (GSE192400).

Statistics. Statistical analyses were performed using JMP version 13.1 software (SAS Institute). Quan-
titative data are presented as the mean + SD unless indicated otherwise. Comparisons between 2 groups
were performed using the Mann-Whitney U test. Comparisons among 3 groups were performed using
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Figure 6. High expression of CCL8 is associated with poor prognosis in patients with colorectal cancer. (A) CCL8 is highly expressed in colorectal cancer (CRC)
tissues from patients with high TSAT levels. CCL8 staining was performed on paraffin-embedded CRC tissues from patients with normal (n = 50) or high (n = 8)
TSAT levels. Scale bar: 50 um. Data are presented as the mean + SD. ***P < 0.001 (Mann-Whitney U test). (B) Macrophages produce CCL8 within CRC tissues.
Costaining of CCL8 (shown in brown) and IBA1 (shown in green) was performed on paraffin-embedded CRC tissues from patients with high TSAT levels (n = 8).
Scale bar: 20 um. Data are presented as the mean + SD. (C) Overall survival curves for patients with stage I-Ill CRC from The Cancer Genome Atlas data set with
high expression of CCL8 (n = 82) or low expression of CCL8 (n = 410) are shown. The cutoff value of FPKM was 2.5. **P < 0.01 (log-rank test).

1-way ANOVA, followed by Tukey’s multiple-comparison test. Differences between survival curves were
analyzed using the log-rank nonparametric test. Logistic regression analysis was performed to estimate the
HR with a 95% CI for OS. Statistical significance was set at P < 0.05.

Study approval. Written informed consent was obtained from each participant, and the study procedures
were approved by the Institutional Review Board of Kumamoto University (registry 1272).

Author contributions

TY conceptualized the study; curated data; provided formal analysis, investigation, validation, and visualiza-
tion; and wrote the original draft and reviewed and edited the manuscript. Y Kanamori curated data; provid-
ed formal analysis, investigation, project administration, supervision, and visualization; and wrote the origi-
nal draft and reviewed and edited the manuscript. HS curated data, provided investigation, and reviewed and
edited the manuscript. HY provided investigation and validation and reviewed and edited the manuscript. AN
provided methodology and investigation and reviewed and edited the manuscript. YO provided investigation
and reviewed and edited the manuscript. HH provided investigation and reviewed and edited the manuscript.
AM provided methodology and investigation and reviewed and edited the manuscript. Al provided investi-
gation and validation and reviewed and edited the manuscript. TM provided investigation and validation and
reviewed and edited the manuscript. MS provided methodology and reviewed and edited the manuscript.
MN provided investigation and reviewed and edited the manuscript. SU curated data; provided investigation
and validation; and reviewed and edited the manuscript. NYY provided methodology and investigation and
reviewed and edited the manuscript. MN provided methodology and reviewed and edited the manuscript. YB

JCl Insight 2022;7(21):e156802 https://doi.org/10.1172/jci.insight.156802 12


https://doi.org/10.1172/jci.insight.156802

. RESEARCH ARTICLE

provided methodology; acquired funding; and reviewed and edited the manuscript. TI provided methodology
and reviewed and edited the manuscript. Y Komohara provided methodology, investigation, and validation
and reviewed and edited the manuscript. TS provided methodology and resources and reviewed and edited
the manuscript. TH provided methodology and reviewed and edited the manuscript. HB provided project
administration, resources, and supervision and reviewed and edited the manuscript. TM conceptualized the
study; provided formal analysis; acquired funding; provided methodology, project administration, resources,
supervision, and visualization; and wrote the original draft and reviewed and edited the manuscript.

Acknowledgments

This work was supported by Japan Society forthe Promotion of Science (JSPS) KAKENHI (grant21H02764),
Japan Agency for Medical Research and Development (AMED) PRIME (grant JP22gm6210030), Naito
Foundation, The Uehara Memorial Foundation, Inamori Foundation, Daiichi Sankyo Foundation of Life
Science, Japan Foundation for Applied Enzymology (to TM), and by JSPS KAKENHI (grant 20H03755,
to YB). The authors thank T. Yamauchi, K. Terada, and other laboratory members for technical assistance
and discussion; Core Laboratory for Medical Research and Education; Kumamoto University School of
Medicine, for their technical support; and F. Zhang for lentiCRISPR version 2.

Address correspondence to: Toshiro Moroishi, Department of Cell Signaling and Metabolic Medicine,
Faculty of Life Sciences, Kumamoto University, 1-1-1 Honjo, Kumamoto 860-8556, Japan. Phone:
81.96.373.5180; Email: moroishi@kumamoto-u.ac.jp. Or to: Hideo Baba, Department of Gastroentero-
logical Surgery, Graduate School of Medical Sciences, Kumamoto University, 1-1-1 Honjo, Kumamoto
860-8556, Japan. Phone: 81.96.373.5212; Email: hdobaba@kumamoto-u.ac.jp.

—_

. Sung H, et al. Global Cancer Statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in
185 countries. CA Cancer J Clin. 2021;71(3):209-249.

Collins D, et al. Microbial and viral pathogens in colorectal cancer. Lancet Oncol. 2011;12(5):504-512.

Mima K, et al. Fusobacterium nucleatum in colorectal carcinoma tissue and patient prognosis. Gut. 2016;65(12):1973-1980.

W

Nosho K, et al. Association of Fusobacterium nucleatum with immunity and molecular alterations in colorectal cancer.

World J Gastroenterol. 2016;22(2):557-566.

. Oh HJ, et al. Prognostic impact of Fusobacterium nucleatum depends on combined tumor location and microsatellite instability
status in stage II/III colorectal cancers treated with adjuvant chemotherapy. J Pathol Transl Med. 2019;53(1):40—49.

. Yang Y, et al. Fusobacterium nucleatum increases proliferation of colorectal cancer cells and tumor development in mice by

w

(=2}

activating Toll-like receptor 4 signaling to nuclear factor-kB, and up-regulating expression of microRNA-21. Gastroenterology.
2017;152(4):851-866.

Shang FM, Liu HL. Fusobacterium nucleatum and colorectal cancer: a review. World J Gastrointest Oncol. 2018;10(3):71-81.
Kostic AD, et al. Fusobacterium nucleatum potentiates intestinal tumorigenesis and modulates the tumor-immune microenvironment.
Cell Host Microbe. 2013;14(2):207-215.

9. Cherayil BJ. The role of iron in the immune response to bacterial infection. Immunol Res. 2011;50(1):1-9.

% =

10. Nairz M, et al. Nitric oxide-mediated regulation of ferroportin-1 controls macrophage iron homeostasis and immune function
in Salmonella infection. J Exp Med. 2013;210(5):855-873.

11. Johnson EE, et al. Role of ferroportin in macrophage-mediated immunity. Infect Immun. 2010;78(12):5099-5106.

12. Zhang Z, et al. Ferroportinl deficiency in mouse macrophages impairs iron homeostasis and inflammatory responses. Blood.
2011;118(7):1912-1922.

13. Grenier D, Grignon L. Response of human macrophage-like cells to stimulation by Fusobacterium nucleatum ssp. nucleatum
lipopolysaccharide. Oral Microbiol Immunol. 2006;21(3):190-196.

14. Hinz M, Scheidereit C. The IkB kinase complex in NF-kB regulation and beyond. EMBO Rep. 2014;15(1):46-61.

15. Pradeére JP, et al. Negative regulation of NF-kB p65 activity by serine 536 phosphorylation. Sci Signal. 2016;9(442):ra85.

16. Lawrence T, et al. IKKalpha limits macrophage NF-kappaB activation and contributes to the resolution of inflammation.
Nature. 2005;434(7037):1138-1143.

17. May MJ, et al. A novel ubiquitin-like domain in IkappaB kinase beta is required for functional activity of the kinase. J Biol
Chem. 2004;279(44):45528-45539.

18. Sakurai H, et al. Tumor necrosis factor-alpha-induced IKK phosphorylation of NF-kappaB p65 on serine 536 is mediated
through the TRAF2, TRAFS, and TAK1 signaling pathway. J Biol Chem. 2003;278(38):36916-36923.

19. Ozaki A, et al. Okadaic acid induces phosphorylation of p65NF-kappaB on serine 536 and activates NF-kappaB transcriptional
activity in human osteoblastic MG63 cells. J Cell Biochem. 2006;99(5):1275-1284.

20. Torres S, et al. Proteome profiling of cancer-associated fibroblasts identifies novel proinflammatory signatures and prognostic
markers for colorectal cancer. Clin Cancer Res. 2013;19(21):6006—6019.

21. Zhang X, et al. CCL8 secreted by tumor-associated macrophages promotes invasion and stemness of glioblastoma cells via
ERK1/2 signaling. Lab Invest. 2020;100(4):619-629.

22.Zhou J, et al. MCP2 activates NF-«kB signaling pathway promoting the migration and invasion of ESCC cells. Cell Biol Int.
2018;42(3):365-372.

JCl Insight 2022;7(21):e156802 https://doi.org/10.1172/jci.insight.156802 13


https://doi.org/10.1172/jci.insight.156802
mailto://moroishi@kumamoto-u.ac.jp
mailto://hdobaba@kumamoto-u.ac.jp
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.1016/S1470-2045(10)70186-8
https://doi.org/10.1136/gutjnl-2015-310101
https://doi.org/10.3748/wjg.v22.i2.557
https://doi.org/10.3748/wjg.v22.i2.557
https://doi.org/10.4132/jptm.2018.11.29
https://doi.org/10.4132/jptm.2018.11.29
https://doi.org/10.1053/j.gastro.2016.11.018
https://doi.org/10.1053/j.gastro.2016.11.018
https://doi.org/10.1053/j.gastro.2016.11.018
https://doi.org/10.4251/wjgo.v10.i3.71
https://doi.org/10.1016/j.chom.2013.07.007
https://doi.org/10.1016/j.chom.2013.07.007
https://doi.org/10.1007/s12026-010-8199-1
https://doi.org/10.1084/jem.20121946
https://doi.org/10.1084/jem.20121946
https://doi.org/10.1128/IAI.00498-10
https://doi.org/10.1182/blood-2011-01-330324
https://doi.org/10.1182/blood-2011-01-330324
https://doi.org/10.1111/j.1399-302X.2006.00278.x
https://doi.org/10.1111/j.1399-302X.2006.00278.x
https://doi.org/10.1002/embr.201337983
https://doi.org/10.1126/scisignal.aab2820
https://doi.org/10.1038/nature03491
https://doi.org/10.1038/nature03491
https://doi.org/10.1074/jbc.M408579200
https://doi.org/10.1074/jbc.M408579200
https://doi.org/10.1074/jbc.M301598200
https://doi.org/10.1074/jbc.M301598200
https://doi.org/10.1002/jcb.20873
https://doi.org/10.1002/jcb.20873
https://doi.org/10.1158/1078-0432.CCR-13-1130
https://doi.org/10.1158/1078-0432.CCR-13-1130
https://doi.org/10.1038/s41374-019-0345-3
https://doi.org/10.1038/s41374-019-0345-3
https://doi.org/10.1002/cbin.10909
https://doi.org/10.1002/cbin.10909

23

24.

2

w

26.

217.

28.

29.

30.

3

—_

32.
33.

35.
36.
37.
38.

39.

40.

4

—

42.

4

w

44.

4

w

RESEARCH ARTICLE

. Zhu YM, et al. Production and upregulation of granulocyte chemotactic protein-2/CXCL6 by IL-1beta and hypoxia in small

cell lung cancer. Br J Cancer. 2006;94(12):1936-1941.

Liu LZ, et al. CCL15 recruits suppressive monocytes to facilitate immune escape and disease progression in hepatocellular

carcinoma. Hepatology. 2019;69(1):143-159.

. Van Coillie E,et al. The MCP/eotaxin subfamily of CC chemokines. Cytokine Growth Factor Rev. 1999;10(1):61-86.

‘Wang J, Gabuzda D. Reconstitution of human immunodeficiency virus-induced neurodegeneration using isolated popula-

tions of human neurons, astrocytes, and microglia and neuroprotection mediated by insulin-like growth factors. J Neurovirol.

2006;12(6):472-491.

LuY, et al. Chemokine CCLS8 and its receptor CCRS5 in the spinal cord are involved in visceral pain induced by experimental

colitis in mice. Brain Res Bull. 2017;135:170-178.

Asano K, et al. Intestinal CD169(+) macrophages initiate mucosal inflammation by secreting CCLS that recruits inflammatory

monocytes. Nat Commun. 2015;6:7802.

Cassetta L, et al. Human tumor-associated macrophage and monocyte transcriptional landscapes reveal cancer-specific

reprogramming, biomarkers, and therapeutic targets. Cancer Cell. 2019;35(4):588-602.

Bornigen D, et al. Computational reconstruction of NF«B pathway interaction mechanisms during prostate cancer. PLoS

Comput Biol. 2016;12(4):e1004820.

. She H, et al. Iron activates NF-kappaB in Kupffer cells. Am J Physiol Gastrointest Liver Physiol. 2002;283(3):G719-G726.

Xiong S, et al. Signaling role of intracellular iron in NF-kappaB activation. J Bio/ Chem. 2003;278(20):17646-17654.

Shi Y. Serine/threonine phosphatases: mechanism through structure. Cell. 2009;139(3):468—484.

. DiSalvo J, et al. Modulation of latent protein phosphatase activity from vascular smooth muscle by histone-H1 and polylysine.

Biochem Biophys Res Commun. 1983;117(2):493-450.

Werth DK, et al. Purification of a myosin phosphatase from bovine aortic smooth muscle. J Biol Chem. 1982;257(13):7306-7309.

Yu JS. Activation of protein phosphatase 2A by the Fe2+/ascorbate system. J Biochem. 1998;124(1):225-230.

Chua AC, et al. Iron: an emerging factor in colorectal carcinogenesis. World J Gastroenterol. 2010;16(6):663-672.

Chua AC, et al. Dietary iron enhances colonic inflammation and IL-6/1L-11-Stat3 signaling promoting colonic tumor

development in mice. PLoS One. 2013;8(11):e78850.

Sawayama H, et al. Preoperative iron status is a prognosis factor for stage II and III colorectal cancer. Int J Clin Oncol.

2021;26(11):2037-2045.

Mima K, et al. Mucosal cancer-associated microbes and anastomotic leakage after resection of colorectal carcinoma. Surg Oncol.

2020;32:63-68.

. Pfeiffer CM, Looker AC. Laboratory methodologies for indicators of iron status: strengths, limitations, and analytical challenges.

Am J Clin Nutr. 2017;106(suppl 6):1606S-1614S.

Moroishi T, et al. The FBXL5-IRP2 axis is integral to control of iron metabolism in vivo. Cell Metab. 2011;14(3):339-351.

.LiuY, et al. Fusobacterium nucleatum confers chemoresistance by modulating autophagy in oesophageal squamous cell

carcinoma. Br J Cancer. 2021;124(5):963-974.

Ran FA, et al. Genome engineering using the CRISPR-Cas9 system. Nat Protoc. 2013;8(11):2281-2308.

.Berglund L, et al. A genecentric human protein atlas for expression profiles based on antibodies. Mol Cell Proteomics.
2008;7(10):2019-2027.

JCl Insight 2022;7(21):e156802 https://doi.org/10.1172/jci.insight.156802 14


https://doi.org/10.1172/jci.insight.156802
https://doi.org/10.1038/sj.bjc.6603177
https://doi.org/10.1038/sj.bjc.6603177
https://doi.org/10.1002/hep.30134
https://doi.org/10.1002/hep.30134
https://doi.org/10.1016/S1359-6101(99)00005-2
https://doi.org/10.1080/13550280601039659
https://doi.org/10.1080/13550280601039659
https://doi.org/10.1080/13550280601039659
https://doi.org/10.1016/j.brainresbull.2017.10.009
https://doi.org/10.1016/j.brainresbull.2017.10.009
https://doi.org/10.1038/ncomms8802
https://doi.org/10.1038/ncomms8802
https://doi.org/10.1016/j.ccell.2019.02.009
https://doi.org/10.1016/j.ccell.2019.02.009
https://doi.org/10.1371/journal.pcbi.1004820
https://doi.org/10.1371/journal.pcbi.1004820
https://doi.org/10.1152/ajpgi.00108.2002
https://doi.org/10.1074/jbc.M210905200
https://doi.org/10.1016/j.cell.2009.10.006
https://doi.org/10.1016/0006-291X(83)91227-5
https://doi.org/10.1016/0006-291X(83)91227-5
https://doi.org/10.1016/S0021-9258(18)34376-X
https://doi.org/10.1093/oxfordjournals.jbchem.a022084
https://doi.org/10.3748/wjg.v16.i6.663
https://doi.org/10.1371/journal.pone.0078850
https://doi.org/10.1371/journal.pone.0078850
https://doi.org/10.1007/s10147-021-01995-9
https://doi.org/10.1007/s10147-021-01995-9
https://doi.org/10.1016/j.suronc.2019.11.005
https://doi.org/10.1016/j.suronc.2019.11.005
https://doi.org/10.3945/ajcn.117.155887
https://doi.org/10.3945/ajcn.117.155887
https://doi.org/10.1016/j.cmet.2011.07.011
https://doi.org/10.1038/s41416-020-01198-5
https://doi.org/10.1038/s41416-020-01198-5
https://doi.org/10.1038/nprot.2013.143
https://doi.org/10.1074/mcp.R800013-MCP200
https://doi.org/10.1074/mcp.R800013-MCP200

