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SUMMARY
Increasing evidence links the gut microbiota with colorectal cancer. Metagenomic analyses
indicate that commensal Fusobacterium spp. are associated with human colorectal carcinoma but
whether this is an indirect or causal link remains unclear. We find that Fusobacterium spp. are
enriched in human colonic adenomas relative to surrounding tissues and in stool samples from
colorectal adenoma and carcinoma patients compared to healthy subjects. Additionally, in the
ApcMin/+ mouse model of intestinal tumorigenesis, Fusobacterium nucleatum increases tumor
multiplicity and selectively recruits tumor-infiltrating myeloid cells, which can promote tumor
progression. Tumors from ApcMin/+ mice exposed to F. nucleatum exhibit a pro-inflammatory
expression signature that is shared with human fusobacteria-positive colorectal carcinomas.
However, unlike other bacteria linked to colorectal carcinoma, F. nucleatum does not exacerbate
colitis, enteritis or inflammation-associated intestinal carcinogenesis. Collectively, these data
suggest that, through recruitment of tumor-infiltrating immune cells, fusobacteria, generate a pro-
inflammatory microenvironment that is conducive for colorectal neoplasia progression.
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INTRODUCTION
There is accumulating evidence that members of the gut microbiota contribute to colorectal
cancer, the second most incident cancer worldwide (Jemal et al., 2011). The majority of
studies have focused on a small subset of colorectal cancers, colitis-associated colorectal
cancers, and employed rodent pre-clinical models. Antibiotic-treatment or absence of the gut
microbiota reduced tumor incidence in several mouse colitis-associated colorectal cancer
models (Garrett et al., 2009; Uronis et al., 2009). Recently, two bacterial pathogens have
been identified that promote colitis-associated colorectal cancer. Enterotoxigenic
Bacteroides fragilis induces colitis and colonic tumors in ApcMin/+ mice by triggering a T
helper type 17 (Th17) inflammatory response (Wu et al., 2009), while adherent-invasive
Escherichia coli strain NC101 promotes colitis-associated colorectal cancer in
monocolonized, azoxymethane-injected Il10−/− mice (Arthur et al., 2012). However, the
majority of human colorectal cancers do not arise in the setting of inflammatory bowel
disease.

The gut microbiota may be a driver in colorectal cancers that are not associated with colitis.
Metagenomic analyses using whole-genome sequencing (Kostic et al., 2012), transcriptome
sequencing (Castellarin et al., 2012), or bacterial 16S ribosomal RNA gene DNA sequencing
(Kostic et al., 2012; Marchesi et al., 2011) have shown enrichment of Fusobacterium species
in colorectal cancers relative to adjacent normal tissue. However, it has been unclear
whether these findings represent an indirect association, or whether Fusobacterium spp.
functionally contributes to colorectal cancer (CRC) tumorigenesis (Tjalsma et al., 2012).

Here, we assess the association of F. nucleatum in stool and colonic tissue from patients
with colorectal adenomas and adenocarcinomas and analyze the affect of F. nucleatum on
intestinal cancer progression and on tumor inflammation in mouse models. Our data are
consistent with the possibility that F. nucleatum potentiates non-colitis associated intestinal
tumorigenesis.

RESULTS
Fusobacteria are enriched in colonic adenomas and in stools samples from patients with
adenomas and colorectal carcinomas

Colonic adenomas are neoplastic epithelial lesions that can become malignant and are
precursors of the majority of sporadic colorectal cancers. Given the enrichment of
Fusobacterium spp. in colorectal tumor versus adjacent normal tissue, we examined if there
was a similar enrichment in adenomas, suggesting the involvement of Fusobacterium in
neoplastic initiation or progression, prior to the establishment of carcinoma. A few recent
studies have performed case control studies of colorectal adenomas using 16S rRNA gene
surveys with one noting fusobacterial enrichments in their patient cohort (McCoy et al.,
2013; Sanapareddy et al., 2012; Scanlan et al., 2008; Shen et al., 2010). We measured
Fusobacterium spp. abundance in paired adenoma tissue versus adjacent normal tissue from
the same patient drawing samples from several geographic locations and registries: the
Cooperative Human Tissue Network (Eastern, Southern, and Western divisions of the
United States), Massachusetts General Hospital, and University of Aberdeen School of
Medicine. None of these patients had a history of inflammatory bowel disease (IBD). We
found that Fusobacterium was detectable by qPCR in 48% of adenomas (n=29), and in those
cases that were positive, Fusobacterium was enriched in adenomas relative to surrounding
tissue (P < 0.004) (Figure 1A and Table S1). These data suggest that Fusobacterium begin to
accumulate at early stages of colonic tumorigenesis in some groups of patients.
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Next, we determined whether fusobacteria have a higher overall abundance in the fecal
microbiota of CRC patients relative to healthy controls in a case-control experiment. We
compared the levels of Fusobacterium spp. to universal Eubacteria 16S by quantitative
qPCR of stool. Subjects provided their stool samples to the Early Detection Research
Network (EDRN) prior to bowel preparation and screening colonoscopy and had no prior
history of colorectal cancer or gastrointestinal disease (Figure 1B and Table S1).
Fusobacterium spp. were enriched in CRC patients (P < 1×10−5) and were also enriched in
stool from subjects with adenomas as compared to healthy controls (P < 5×10−3). These
results indicate that increased abundance of Fusobacterium species in the gut microbiota
may be a general feature of colonic tumorigenesis.

Fusobacterium nucleatum promotes intestinal tumorigenesis
The enrichment of Fusobacterium spp. in colorectal adenomas and the previously reported
enrichment in colorectal carcinomas (Castellarin et al., 2012; Kostic et al., 2012; Marchesi et
al., 2011) prompted us to examine whether Fusobacterium could accelerate tumorigenesis in
mice. We utilized mice which develop intestinal tumors because of a mutation in one copy
of the tumor suppressor gene Apc (C57BL/6 ApcMin/+) or genetic defects resulting in
chronic intestinal inflammation (BALB/c Il10−/− and BALB/c T-bet−/− X Rag2−/−). We
introduced human isolates of F. nucleatum, Streptococcus species (S. anginosus, S.
parasanguinis and S. sanguinis, n=4 mice per strain), or tryptic soy broth (TSB) to ApcMin/+

mice; and F. nucleatum or TSB to IL10−/− and T-bet−/− X RAG2−/− mice. Streptococci were
used as control strains because of the longstanding association of streptococcal species with
occult colonic malignancies.

Introduction of F. nucleatum into ApcMin/+ mice accelerated onset of colonic tumors.
ApcMin/+ mice fed F. nucleatum developed a significantly higher number of colonic tumors
as compared to ApcMin/+ mice fed Streptococcus (Strep.) spp., or TSB (P < 0.001, P <
0.0001) (Figure 2A – C). However, F. nucleatum did not induce colitis (Figure 2A – C) in
contrast with enterotoxigenic Bacteroides fragilis, which causes colitis and accelerates
tumorigenesis in ApcMin/+ mice (Wu et al., 2009). Also, F. nucleatum neither exacerbated
intestinal inflammation nor accelerated tumorigenesis in the two mouse models of colitis-
associated colorectal cancer examined (Figure 2A). Consistent with prior findings in human
colorectal carcinoma (Castellarin et al., 2012; Kostic et al., 2012), F. nucleatum was
culturable from ApcMin/+ tumors and enriched in tumor tissue relative to adjacent normal
tissue in F. nucleatum fed ApcMin/+ mice as assayed by qPCR (Figure 2D) and fluorescence
in situ hybridization using a Fusobacterium 16S rRNA-directed probe (Figure 2E).
However, we did not observe an overall increase in bacterial tumor load in F. nucleatum fed
ApcMin/+ mice (Figure S1).

ApcMin/+ mice fed F. nucleatum also had a significantly higher count of small intestinal
aberrant crypt foci, adenomas, and adenocarcinonas, versus Strep. spp, or TSB–fed controls.
In addition, we did not observe any small intestinal enteritis in these mice. (Figure 2F – H)
Together, these results indicate that F. nucleatum may accelerate tumorigenesis in the
absence of enteritis, or macroscopic inflammation, in ApcMin/+ mice.

F. nucleatum selectively expands myeloid-derived immune cells
Immune cells and their effectors are key components of tumors and promote neoplastic
progression. To address whether F. nucleatum contributes to tumorigenesis by affecting
intratumoral immune cells, we characterized tumor infiltrating immune cells from the
intestinal tumors of ApcMin/+ mice that were fed F. nucleatum or S. sanguinis for 8 weeks,
or were not fed bacteria over the same time frame. Small intestinal rather than colonic
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tumors were used, because controls did not develop sufficient numbers of colon tumors
within the experimental timeframe.

We observed an increase in infiltrating cells of the myeloid lineage in the tumors from
Fusobacterium-treated mice. CD11b+ myeloid cells (mean 3.2X higher cell number, mean
4.0X higher % population) increased in the tumors of ApcMin/+ mice fed F. nucleatum as
compared to controls, while numbers of CD3+CD4+ and CD3+CD8+ T lymphocytes were
not significantly different (Figure 3A).

Differentiated CD11b+ myeloid cells such as macrophages, dendritic cells (DCs) and
granulocytes play an important role in promoting tumor progression and angiogenesis
(Coussens and Pollard, 2011). Thus, we defined the different subsets of tumor infiltrating
myeloid cells by multicolor flow cytometry using a gating strategy that employed 9 cell
surface molecules (Figure 3B) as well as functional properties including arginase-1 and
inducible nitric oxide synthase (iNOS) expression and T cell suppressive activity (Figure
S2). Myeloid-derived suppressor cells (MDSCs) are tumor-permissive myeloid cells with
potent immune suppressive activity (Gabrilovich et al., 2012). MDSCs were enriched (mean
3.7X increased cell number) in F. nucleatum fed mice vs controls (Figure 3C). There are two
principal MDSC subsets, monocytic (M-MDSC) and granulocytic (G-MDSC), both of
which increased in the tumors of F. nucleatum fed mice (M-MDSCs, mean 6.7X and G-
MDSCs, mean 8.9X increased cell number) compared to controls (Figure 3C). These MDSC
subsets suppress CD4 T cells predominantly via expression of arginase-1 and iNOS
(Gabrilovich et al., 2009). Consistent with published phenotypes (Gabrilovich et al., 2009),
M-MDSC expressed higher levels of arginase-1 and iNOS than G-MDSC (Figure S2A).
Additionally, MDSC showed significant T cell suppressive activity (Figure S2C). Recent
studies support that tumor-associated neutrophils (TANs) play a role in tumor progression
and angiogenesis and in the modulation of the antitumor immunity (Mantovani et al., 2011).
We found that numbers of granulocytes/TANs increased by a mean 13.4 X in tumors from
F. nucleatum fed mice compared to controls (Figure 3C).

Substantial experimental data from clinical and pre-clinical studies indicate that tumor-
associated macrophages (TAMs) promote tumor progression and metastasis (Mantovani and
Sica, 2010; Qian and Pollard, 2010). Both TAMs and M2-like TAMs were enriched in F.
nucleatum fed mice as compared to controls (mean 7.8X and 50.8X increased cell number,
respectively) (Figure 3C). TAMs inhibit T cell responsiveness via expression of arginase-1
(Ruffell et al., 2012). M2-like TAMs had two-fold higher arginase-1 levels compared to
TAMs and exhibited significant suppressive activity on CD4 T cells (Figure S2B–C).

Within tumors, DCs can either dampen or promote anti-tumor immunity (Mellman et al.,
2011). The intestine possesses a specific subset of DCs expressing CD103 integrin. These
cells play a role in regulation of immune responses by promoting the expansion of Foxp3+

regulatory T cells, a CD4+ T cell subset that suppresses cytotoxic and effector T cells and
thus dampen anti-tumor immunity (Coombes et al., 2007; Josefowicz et al., 2012). We
observed that numbers of conventional DCs were increased in tumors from F. nucleatum fed
mice (mean 8.4X higher cell number) and found increases in classical myeloid DCs and
CD103+ regulatory DCs (mean 4.5X and mean 6.9X increased cell number, respectively)
compared to tumors from control mice (Figure 3C). To determine whether the changes in
TAMs, MDSCs, and DCs were affecting CD4+ T cell subsets implicated in colon
tumorigenesis (Grivennikov et al., 2012), we examined both intratumoral T-helper 17
(Th17) cells and CD4+ Foxp3+ regulatory T cells. While there was a trend towards an
increase in Foxp3+ regulatory T cells (Treg) and Th17 cells in F. nucleatum fed mice, there
was significant heterogeneity within this group, that did not correlate with intratumoral F.
nucleatum abundance, and differences were not statistically significant (Figure S2D).
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Additionally, there was no positive or negative correlation between Th17 and Treg cell
numbers in the same mice. Collectively, these data support that F. nucleatum modulates the
tumor immune microenvironment and results in expansion of myeloid-derived immune cell
types, that have been reported to promote tumor progression (Qian and Pollard, 2010).

A Fusobacterium-associated human colorectal cancer gene signature shared and
validated in mice

Given our findings of F. nucleatum-induced myeloid-derived cell expansion in mouse
intestinal tumors, we asked if there would also be a similar immunological profile in human
Fusobacterium-associated colon tumor transcriptomic data. We utilized a data set of deep
transcriptome sequencing (i.e. RNA-Seq) of 133 colon tumors generated by The Cancer
Genome Atlas (Cancer Genome Atlas Network, 2012). These patients all had colorectal
cancer, including stage I–IV, and none of these patients had IBD-associated colorectal
cancer or a history of IBD. All non-human sequencing reads were applied to PathSeq, a
computational tool that identifies and quantifies the abundance of all bacteria present in each
tumor http://www.broadinstitute.org/software/pathseq/ (Kostic et al., 2011). By calculating
the Spearman’s rank correlation coefficient of the relative abundance of Fusobacterium spp.
transcripts with host gene expression in this dataset, we identified a Fusobacterium-
associated human CRC gene expression signature. We found a correlation of immune cell
marker genes associated with TAM (CD209, CD206/MRC1, IL-6, IL-8, and CXCL10),
MDSC (CD33 and IL-6), and DC (CD11c/ITGAX, CD209, TNF, CD80) with
Fusobacterium abundance in human Fusobacterium-associated tumors by RNA-Seq, similar
to our findings with Fusobacterium in mouse flow cytometry experiments (Figure 4A).
Analysis using the Ingenuity IPA gene ontology module revealed that the Fusobacterium-
associated human CRC gene expression signature was highly enriched for the inflammatory
response gene ontology category (corrected P < 1×10−33; Ingenuity analysis) as well as
other categories also related to immune and inflammatory disease (Figure 4B). To test the
specificity of this correlation, we performed the same analysis with the other top-four highly
abundant genera besides Fusobacterium (Bacteroides, Escherichia, Streptococcus, and
Propionobacterium), but none of these other genera were associated with enrichment for
inflammation-related gene functions, nor were they associated with comparably high gene
ontology enrichments in any other functional categories (Figure S3). The relative abundance
of Fusobacterium spp. transcripts are shown for each of the 133 TCGA colon tumors with
scaled expression values for the top 50 ranked genes denoted as the row Z-score in a heat
map (Figure 4C). Many of the the top ranked Fusobacterium-associated genes, PTGS2
(COX-2), IL1β, IL6, IL8, and TNF (TNF- α), have not only been investigated in colorectal
carcinogenesis but also are induced by Fusobacterium in co-culture with human and mouse
cell lines in vitro (Dharmani et al., 2011; Trinchieri, 2012).

The expression signature, notable for PTGS2 (COX-2), IL1β, IL6, IL8, TNF (TNF- α) and
MMP3, was suggestive of an NF-κB-driven pro-inflammatory response (Hayden et al., 2012
and http://www.bu.edu/nf-kb/gene-resources/target-genes/). As NF-κB has been identified
as a central link between inflammation and cancer (DiDonato et al., 2012), we assessed
whether there was a correlation between increased NF-κB activation and Fusobacterium
abundance in human colorectal cancers. We obtained freshly resected human colorectal
cancer samples and generated nuclear extracts from these samples. After stratifying the
samples by their abundance of Fusobacterium spp., we performed western blots on the
nuclear extracts from Fusobacterium high and low tumors to examine NF-κB activation.
NF-κB was indeed more activated (increased nuclear translocation of the p65 NF-κB
subunit) in tumors with a high vs low Fusobacterium abundance (Figure 4D). Both
Fusobacterium relative abundance) (left lower panel) and the densitometry ratio of NF-κB to
laminB1 (right lower panel) for each individual’s tumor are shown.
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While our RNA sequencing and immunoblotting analyses suggested a strong association
between intratumoral Fusobacterium abundance and specific immune pathways and genes,
we wanted to assess whether this association is direct, by examining gene expression
patterns of small intestinal and colonic tumors from ApcMin/+ mice exposed to F. nucleatum,
compared to tumors from mice without Fusobacterium exposure. We found that most of the
mouse homologs of Fusobacterium-associated pro-inflammatory genes identified in human
tumors, including Ptgs2 (COX-2 mouse homolog), Scyb1 (IL8 mouse homolog), Il6, Tnf
(TNF, and Mmp3, were more highly expressed in both small intestinal and colonic tumors
from mice that were treated with F. nucleatum compared to tumors from mice treated with
TSB (Figure 4E). In general, expression levels of these human Fusobacterium-associated
pro-inflammatory genes were higher in the colonic tumors than small intestinal tumors; this
may be intrinsic to the anatomic site and be related to the fact that the gene list was derived
from human colorectal cancer.

DISCUSSION
Entry of microbes and microbial products into the evolving tumor microenvironment
potentiates tumor growth by eliciting tumor-promoting immune cell responses (Jobin, 2012).
Our results demonstrate that Fusobacterium spp., rare gut microbiome constituents in the
healthy human population (Segata et al., 2012), are found at increased abundance in the
stool of patients with adenomas and colorectal cancer, and are enriched in adenomas and
adenocarcinomas relative to non-involved colonic tissues. Introduction of F. nucleatum to
ApcMin/+ mice resulted in accelerated small intestinal and colonic tumorigenesis, infiltration
of specific myeloid cell subsets into tumors, and an NF-κB proinflammatory signature. This
pro-inflammatory signature was shared with human colorectal cancer tissue with a high
Fusobacterium abundance.

In contrast to other bacterial-driven models of intestinal tumorigenesis (Arthur et al., 2012;
Wu et al., 2009), we have found a specific bacterial strain that accelerates intestinal
tumorigenesis in the absence of colitis. While ApcMin/+ mice fed F. nucleatum exhibited
enhanced intestinal tumorigenesis, neither Il10−/− nor T-bet−/− X Rag2−/− mouse models of
colitis showed accelerated tumorigenesis or exacerbated colitis upon introduction of F.
nucleatum. This may suggest that the tumorigenic effects of fusobacteria operate
downstream of the loss of the tumor suppressor APC and the resulting intestinal dysplasia
that occurs in ApcMin/+ mice. This is relevant to most cases of human CRC, as only 2% of
CRC cases are linked to colitis, but greater than 80% of non-hypermutated CRC tumors bear
APC mutations (Cancer Genome Atlas Network, 2012). Our Fusobacterium findings are
also relevant to adenomas because mutations in APC are among the earliest molecular
alterations that occur in an epithelium as it transitions to become an adenoma (Cho and
Vogelstein, 1992). Therefore, early tumor-initiating somatic mutations likely precede the
tissue enrichment of Fusobacterium spp. These mutations may contribute to the
development of epithelial barrier defects, featuring the loss of tight junctions, cell-to-cell
contacts, epithelial polarity and the mucus layer (Grivennikov et al., 2012). Intestinal barrier
defects at local sites of dysplasia may promote the infiltration of Fusobacterium spp., among
other bacteria and microbial products, allowing fusobacteria to take up residence in the
tumor environment. This may represent a crucial stage in colorectal neoplasia wherein
myeloid cell-mediated immune responses provide the driving force for inflammatory
genotoxic and epigenetic changes that lead to cancer.

Although barrier defects expose the intestinal mucosa to the entire luminal microbial milieu,
Fusobacterium spp. become the most highly enriched bacterium in colorectal tumors relative
to adjacent tissue (Castellarin et al., 2012; Kostic et al., 2012; Tjalsma et al., 2012). This
enrichment may be attributable to the strong adhesive and invasive abilities of fusobacteria

Kostic et al. Page 6

Cell Host Microbe. Author manuscript; available in PMC 2014 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



for epithelial cells (Han et al., 2000; Strauss et al., 2011). The tumor enrichment may also
result from the growth advantage that fusobacteria provide to the tumor by eliciting pro-
tumorigenic responses from myeloid immune cells. Alternatively, metabolic specializations
may endow fusobacteria with a competitive advantage in the evolving tumor milieu.
Fusobacterium nucleatum is an asaccharolytic bacterium so, unlike the Enterobacteriaceae,
it will not compete for glucose, a preferred substrate for tumor metabolism (Vander Heiden
et al., 2009). Instead fusobacteria can utilize amino acids and peptides as nutrient sources in
the tumor microenvironment. Products of amino acid metabolism generated by fusobacteria,
including formyl-methionyl-leucyl-phenylalanine and short chain fatty acids, are myeloid
cell chemoattractants, which may explain the intratumoral myeloid cell expansion we
observed and interconnect tumor metabolism, bacterial metabolism, and immune cell
function within the tumor microenvironment.

In addition, F. nucleatum strains, unlike many strict anaerobes of the intestinal lumen,
possess a rudimentary electron transport chain, endowing them with a limited ability to
respire oxygen (Kapatral et al., 2002). Thus, F. nucleatum may be able to persist and slowly
replicate in the hypoxic tumor microenvironment. Adhesive molecules that contribute to
invasivity in F. nucleatum can promote bacterial aggregation and biofilm formation that also
enhance oxygen tolerance (Gursoy et al., 2010). Products of fusobacterial metabolism may
make the tumor microenvironment more tumor-permissive over time by directly promoting
tumor cell proliferation, blood vessel growth, or immune cell infiltration.

We have shown that, in both human and mouse intestinal tumors, the pro-inflammatory gene
expression signature associated with Fusobacterium features the upregulation of PTGS2.
Epidemiological and clinical data suggest that non-steroidal anti-inflammatory drugs
(NSAIDs) may be effective as a primary and secondary preventative measure in colorectal
neoplasia (Chan et al., 2012). Our findings on Fusobacterium spp. and the intrinsic
inflammation that they elicit may further explain why anti-inflammatory strategies such as
NSAIDs are an effective colorectal cancer prevention strategy.

If our results demonstrating that fusobacteria potentiate tumorigenesis can be extended to
human CRC, then targeted reduction of Fusobacterium populations in the oral cavity where
they are most abundant (Consortium, 2012), or in the gastrointestinal tract may work to
delay or prevent tumor progression for patients at increased risk for CRC. These findings
suggest that it will be important to consider the contribution of members of the tumor
microbiota, such as Fusobacterium nucleatum, and the intersection between microbial gene
function and the host response for understanding colorectal cancer risk, development and
progression.

EXPERIMENTAL PROCEDURES
Bacterial strains and culturing

F. nucleatum (EAVG_002; 7/1) (Strauss et al., 2011) was a gift from the laboratory of E.
Allen-Vercoe (U. Guelph). Streptococcus species were isolated from freshly resected human
colon tissues. Please see supplemental methods for additional information on bacterial
identification methods and culturing techniques.

Mice
All mice (C57BL/6J–ApcMin/J, BALB/c Il-10−/− and BALB/c T-bet−/− Rag2−/−) were
maintained in the barrier facility at the Harvard School of Public Health (HSPH) and all
experimentation was carried out in accordance with institutional guidelines. ApcMin/+ mice
were initially ordered from Jackson Laboratory and then bred at HSPH.
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Bacterial feeding experiments were performed for a period of 8 weeks, beginning at 6 wks
of age. Bacteria were fed at 108 CFU per day. Sham treatment consisted of TSB.

Histopathology
Colons and small intestines were prepared for histologic analysis and assessed for colitis or
enteritis as previously described (Garrett et al., 2007). Adenomas and adenocarcinomas were
counted in colons and small intestines submitted in their entirety. ACF were identified in the
same paraffin sections as foci of 1–3 crypts in flat mucosa showing increased size, and
nuclear enlargement and hyperchromasia.

Human specimen collection
Please see supplemental methods for details on colonic adenocarcinoma, adenomas and
stool samples.

DNA preparation and bacterial quantification by qPCR
Human and mouse tissues or stools DNA preparation and qPCR are described in detail in
supplemental methods.

RNA preparation and gene expression by qPCR
Total RNA was extracted using the RNeasy® kit (QIAGEN), DNase treated with the DNA-
free™ kit (Ambion), and cDNA was generated using the iScript™ cDNA Synthesis kit (Bio-
Rad). Relative gene expression was calculated using the ∆∆CT method. Primers were
designed using MGH primerbank: pga.mgh.harvard.edu/primerbank/.

Microbial FISH analysis
Microbial FISH was performed as described (Kostic et al., 2012).

RNA-Seq processing and analysis
All primary sequence data on colonic adenoma (COAD) samples (https://
tcgadata.nci.nih.gov/docs/publications/coadread_2012/) were downloaded from The Cancer
Genome Atlas via dbGAP and the Data Coordinating Center (http://cancergenome.nih.gov/).
For additional details, please see supplemental methods.

Detection of NF-κB activation
Fresh or fresh-frozen colon tumor tissue (20− 80mg per sample) was processed for nuclear
protein isolation with the NE-PER® Kit (Thermo Scientific). Protein lysates were resolved,
transferred to PVDF membrane, and blots were probed with antibodies directed against p65
and lamin B1 (Cell Signaling Technology). Samples were stratified as Fusobacterium-high
(qPCR Fusobacterium abundance greater than 40.0 [calculated as 1.8^(-CT<Fusobacterium>
- CT<Eubacteria>)*1000], or 16S sequencing Fusobacterium abundance greater than 0.25
[calculated as described (Kostic et al., 2012)]) or Fusobacterium-low (qPCR Fusobacterium
abundance less than 1.0, or 16S sequencing Fusobacterium abundance less than 0.015).
Wester blot densitometry analysis was performed using Image-J software (http://
rsbweb.nih.gov/ij/).

Isolation of intestinal tumor infiltrating cells
Small intestine was removed, opened and washed with Ca+- and Mg+-free DPBS. Tumors
were dissected, weighed, minced and incubated in HBSS with 0.1 mg/ml collagenase D
(Roche), 50 U/ml DNase I (Roche) and 50 µg/mg Dispase (StemCell Technologies) for 30
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min at 37°C. Single cell suspensions were resuspend ed in cell staining solution (PBS with
2% FCS) for flow cytometry.

Multicolor Flow cytometry
Cells were incubated with Fc blocking antibody (BioLegend) and stained with
fluorochrome-conjugated monoclonal antibodies of cell surface markers. Antibodies and
clone information are provided in supplemental methods.

Expression of B220 (clone RA3–6B2) and PDCA-1 (clone 927) was also examined. These
two antigens on CD11c low expressing cells are used to identify plasmacytoid DCs.
However, cell numbers were very low in tumors (average 2 × 103 cells/tumor gram with a
range from 0–16 ×103 cells/tumor gram in F. nucleatum treated mice). Thus these data are
not shown.

Methods describing intracellular staining for IL-17A, Foxp3, Arginase-1, and iNOS and cell
sorting are provided in supplemental methods.

In vitro T cell suppression assay
Splenic CD3ε+CD4+ T cells were sorted from ApcMin/+ mice and labeled with Cell Trace
Violet (Invitrogen) as per manufacturers instructions. Labeled CD3ε+CD4+ T cells were
plated at 2 × 105 cells/wells with sorted MDSCs, TAMs, and M2-like TAMs (2×105) in the
presence of 1µg/ml anti-CD3 antibody and 1µg/ml anti-CD28 antibody. After 72h, cells
were collected and analyzed by flow cytometry.

Statistical analysis
Generally, data is displayed in dot-plot format, with the center-line indicating the mean and
SEM represented by the error bars. All two-group comparisons were performed using the
non-parametric Mann-Whitney U test, except for Figure 1A for which the non-parametric
Wilcoxon matched-pairs signed rank test was performed. For RNA-Seq data, genus relative
abundance was correlated to host gene expression using the Spearman’s rank correlation
coefficient, and corrected P-values were obtained by correcting for multiple hypothesis
testing using the False Discovery Rate method. Statistical analysis for Table S1 was
performed using the Fisher’s exact test.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Fusobacterium is enriched in human adenomas, suggesting an early role in
tumorigenesis

• Fusobacterium nucleatum accelerates tumorigenesis in ApcMin/+ mice

• F. nucleatum drives myeloid cell infiltration in intestinal tumors

• Fusobacterium is associated with a proinflammatory signature in mouse and
human tumors
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Figure 1. Fusobacterium is enriched in adenoma versus adjacent normal tissue and detected at a
higher abundance in stool from CRC and adenoma cases than from healthy controls
(A)Fusobacterium abundance for normal tissue (x-axis) vs adenoma (y-axis) is plotted. 29
matched adenoma normal tissues pairs were tested. Each symbol represents data from one
patient (adenoma and normal tissue). (B) Fecal Fusobacterium abundance from healthy
subjects (n=30), subjects with colorectal adenomas (n=29), and colorectal cancer (n = 27).
See also Table S1.
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Figure 2. Fusobacterium nucleatum promotes small and large intestinal tumorigenesis and is
enriched in tumor tissues of ApcMin/+ mice
(A) Colon tumor counts and histologic colitis scores from ApcMin/+, Il10–/– and T-bet–/– X
Rag2–/– mice fed F. nucleatum (F. nuc), Streptococcus spp., or TSB control. Mice were
started on the 8-week feeding regimen at 6 weeks of age. (B) Representative images of
colons (ruler numbers in cm) and (C) colonic histological analysis of ApcMin/+ mice (100
icrometer scale bar). (D) Fusobacterium abundance in matched tumor (T) versus normal (N)
tissues from colons of ApcMin/+ mice fed F. nucleatum measured by quantitative PCR. (E)
Representative FISH images of colonic tumor and matched normal colonic tissue from an
ApcMin/+ mouse fed F. nucleatum using a Fusobacterium 16S rDNA-directed probe (50
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icrometer scale bar). (F) Small intestinal aberrant crypt foci, adenoma, and adenocarcinoma
counts and (G) histologic enteritis scores in ApcMin/+ mice fed F. nucleatum, Streptococcus
species, or TSB control. (H) Representative sections of small intestines from ApcMin/+ mice
(ruler numbers in cm). *** P < 0.0001, ** P < 0.001, * P < 0.01. See also Fig. S1.
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Figure 3. F. nucleatum selectively expands myeloid-derived immune cells, but not lymphoid
immune cells in the intestinal tumor microenvironment
Multicolor flow cytometric analyses: (A) Percentage (left panel) with representative density
plots and the number (right panel) of intratumoral myeloid cells and lymphoid cells. Data for
CD11b+ myeloid cells, CD3+CD4+ T cells, or CD3+CD8+ T cells are shown. Mean
percentages ± s.e.m are shown within each plot. n= 6, 4, or 15 for not treated, S. sanguinis,
or F. nucleatum. *** P < 0.001, ** P < 0.01, * P < 0.05 (B) A schematic of the gating
strategy for subset identification of intratumoral myeloid cells. Representative density plots
of myeloid cells are shown. The initial analysis region used CD11b vs. Gr-1 to identify
CD11b+Gr-1+ MDSC population (violet boxes) and CD11b+Gr-1macrophage population
(light green boxes). Arrows show the gating progression used to discriminate the 9 subsets.
Each number on the density plot represents the corresponding subset of myeloid cells. (C)
Cell number/gram tumor for myeloid cells from the treatment groups. Each symbol
represents data from an individual mouse. See also Fig. S2.
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Figure 4. A Fusobacterium-associated human colorectal cancer gene signature shared and
validated in mice
(A) Immune cell types enriched in Fusobacterium-associated mouse tumors are shown with
the human marker gene utilized to determine abundance in the TCGA CRC RNA-seq data
set. (B) Ingenuity Pathway Analysis Biological Function Gene Ontology categories enriched
for Fusobacterium abundance-correlating gene sets are shown. (C) Fusobacterium spp.
transcript relative abundance are plotted for the 133 TCGA colon tumors (upper panel and
lower panel x-axis) and scaled expression values for the top 50 ranked genes denoted as the
row Z-score (y-axis) are shown in a heat map (lower panel) with a purple (low expression)–
yellow (high expression) color scale. (D) Western blot of nuclear extracts from human colon
cancer with a high or low Fusobacterium relative abundance. Fusobacterium relative
abundance and western blot densitometry are shown in the lower panel. (E) qPCR analysis
of a selection of the top 50 ranked genes in (B) in colon and small intestinal tumors from F.
nucleatum vs TSB fed ApcMin/+ mice. Data are represented as mean +/− SEM. Tumors from
6–9 mice per group were used. See also Fig. S3.
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