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ABSTRACT
◥

Background: Fusobacterium nucleatum (F. nucleatum) activates
oncogenic signaling pathways and induces inflammation to pro-
mote colorectal carcinogenesis.

Methods: We characterized F. nucleatum and its subspecies in
colorectal tumors and examined associations with tumor charac-
teristics and colorectal cancer–specific survival.We conducted deep
sequencing of nusA, nusG, and bacterial 16s rRNA genes in tumors
from 1,994 patients with colorectal cancer and assessed associations
between F. nucleatum presence and clinical characteristics, colo-
rectal cancer–specific mortality, and somatic mutations.

Results: F. nucleatum, whichwas present in 10.3%of tumors, was
detected in a higher proportion of right-sided and advanced-stage
tumors, particularly subspecies animalis. Presence of F. nucleatum
was associated with higher colorectal cancer–specific mortality
(HR, 1.97; P ¼ 0.0004). This association was restricted to non-
hypermutated, microsatellite-stable tumors (HR, 2.13; P ¼ 0.0002)

and those who received chemotherapy [HR, 1.92; confidence inter-
val (CI), 1.07–3.45; P ¼ 0.029). Only F. nucleatum subspecies
animalis, the main subspecies detected (65.8%), was associated
with colorectal cancer–specific mortality (HR, 2.16; P ¼ 0.0016),
subspecies vincentii and nucleatum were not (HR, 1.07; P ¼ 0.86).
Additional adjustment for tumor stage suggests that the effect of
F. nucleatum on mortality is partly driven by a stage shift. Presence
of F. nucleatum was associated with microsatellite instable tumors,
tumors with POLE exonuclease domain mutations, and ERBB3
mutations, and suggestively associated with TP53 mutations.

Conclusions: F. nucleatum, and particularly subspecies animalis,
was associated with a higher colorectal cancer–specific mortality
and specific somatic mutated genes.

Impact: Our findings identify the F. nucleatum subspecies
animalis as negatively impacting colorectal cancer mortality, which
may occur through a stage shift and its effect on chemoresistance.
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Introduction
The rapid advances in DNA sequencing technologies have

allowed unbiased and comprehensive identification of pathogens
in human tissues (1, 2). It is thought that approximately 15% of all
cancers are attributable to microorganisms, including bacteria (3, 4).
Microbes are not only expected to play a role in susceptibility to
some cancers but also in therapeutic response (5). A well charac-
terized example is gastric cancers, of which 770,000 of all new
cancer cases, worldwide, were attributable to Helicobacter pylori
infections in 2012 (4, 6).

In a subset of colorectal cancer cases, Fusobacterium nucleatum, an
inhabitant of the oral cavity and gastrointestinal tract, has been found
to be enriched in tumor tissues (7–15). Multiple mechanisms have
been described by which the F. nucleatum may promote colorectal
cancer. These include activation of WNT/b-catenin signaling (16),
creation of a proinflammatory microenvironment (17), and modula-
tion of the tumormicroenvironment to evade the antitumoral immune
response (18). The presence of F. nucleatum in colorectal tumors is
known to be associated with poor prognosis and resistance to che-
motherapy (19). However, less is known about tumor and patient
attributes in relation to F. nucleatum in colorectal cancer. A few studies
have shown associations of F. nucleatum with somatic mutation
burden, tumor site, and tumor stage (7, 8, 20). However, these studies
have relatively small sample sizes and are limited with respect to
survival data, somatic mutation information, and epidemiologic data.
Moreover, these studies did not investigate F. nucleatum composition
in colorectal tumors at the subspecies level. Additionally, as somatic
mutations in cancer have been observed to affect the tumor micro-
biome in other cancer types, it is important to examine associations of
F. nucleatum with existing mutation data for the same colorectal
tumors (21).

Here, we conducted targeted deep sequencing to assess the presence
of F. nucleatum across 1,994 colorectal tumors, which were charac-
terized for somatic mutations in 205 genes (22). In this large dataset
from theGenetics and Epidemiology of Colorectal Cancer Consortium
(GECCO) and the Colon Cancer Family Registry (CCFR), we char-
acterized F. nucleatum and its subspecies, and examined associations
with colorectal cancer–specific survival, somatically mutated genes,
mutational burden, tumor site, and tumor stage. This comprehensive
study provides insights into the role of F. nucleatum in colorectal
cancer.

Materials and Methods
Study populations

The studies include the Colorectal Cancer Study of Austria
(CORSA), Ontario Familial Colorectal Cancer Registry (OFCCR),
Seattle-Colon Cancer Family Registry (SCCFR), and Cancer Preven-
tion Study-II (CPS-II). Study descriptions and sample selection are
described in the Supplementary Materials and Methods. Institutional
review boards approved the study, and all patients (or their proxies)
provided written informed consent to allow collection of specimens

and data used in this study. Patients or the public were not involved in
the design, conduct, reporting, or dissemination plans of our research.

DNA extraction, sequencing, and identification of somatic
mutations

Details of materials and F. nucleatum sequencing are described in
the Supplementary Materials and Methods. Briefly, tumor tissue was
macrodissected from formalin-fixed, paraffin-embedded (FFPE) tis-
sue sections guided by an hematoxylin and eosin (H&E)–stained slide
marked for the tumor region, and DNA was extracted using the
QIAamp DNA Mini or QIAamp DNA FFPE tissue kits. Paired-end
high-depth sequencing was conducted on HighSeq 2500 (Illumina)
using a custom-designed AmpliSeq panel. Details of sequencing,
identification of somatic mutations, and determination of microsat-
ellite instability (MSI) status have been previously described (22).

Detection and quantification of F. nucleatum DNA in colorectal
cancer tumors

To detect Fusobacterium DNA in colorectal cancer tumors,
Fusobacterium-specific nusA and nusG genes (NC 003454), and the
hypervariable regions, V2, V3, and V6 of the bacterial 16S rRNA genes
were sequenced. To identify the Fusobacterium-specific sequence reads
and quantify their abundance in each sample, the following steps were
taken: (i) Unmapped reads from each BAM file containing sequence
reads aligned to the human reference sequence (GRCh37/hg19 assem-
bly) were retrieved; (ii) sequence reads with low complexity were
removed; (iii) unmapped sequence reads were aligned in single-end
mode using the Bowtie2 aligner (23) to a reference sequence database
(parameters used: –very-sensitive-local -k 100 –score-min L,0,1.2)
composed of five F. nucleatum complete genomes (NC003454.1,
NC009506.1, NC021277.1, NC021281.1, and NC022196.1) and
17,657 16S rRNA genes; (iv) aligned reads were collapsed using the
Picard’sMarkDuplicates tool; (v) readswith ambiguous alignmentswere
reassigned to the most probable F. nucleatum genome of origin using a
statistical model based on the read alignment scores (24).

To quantify the amount of F. nucleatum in tumor samples, we only
considered reads that aligned to F. nucleatum reference sequences with
greater than 95% identity match. The number of F. nucleatummapped
reads found in each tumor was normalized to the total number of reads
obtained for a given sample so that the abundance of F. nucleatum for
each sample was measured in parts per million (ppm) of the total
number of reads sequenced. To limit the number of potential false
positives, we applied a strict threshold of ≥0.5 ppm to define a positive
presence of F. nucleatum. This stringent cutoff was used to remove
nonspecific alignments or sequencing artifacts (Supplementary Mate-
rials andMethods; Supplementary Figs. S1 and S2). F. nucleatum next-
generation sequencing (NGS) data was validated using TaqMan qPCR
assay (SupplementaryMaterials andMethods; Supplementary Fig. S3).

Analysis of mutated genes
We defined a gene as being somatically mutated if it carried any

nonsilent mutation, which included all nonsynonymous, frameshift
and in-frame indels, splicing, and nonsense mutations. We further
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refined themutation definition for a subset of genes withmore detailed
information available for mutational functional relevance. Mutations
in APC were restricted to truncating mutations within the first 1,600
codons with known functional consequences (25). To specifically
examine the effect of mutations in KRAS, BRAF, ERBB2, and ERBB3,
only tumors with mutually exclusive mutations in the same signaling
pathway were analyzed. For KRAS, codons G12, G13, Q61, K117, and
A146 were included, in which mutations are known to confer onco-
genic signaling. For BRAF, only the V600E oncogenic mutation was
included. For PIK3CA, only nonsynonymous mutations were includ-
ed. For POLE, only nonsynonymous and nontruncating mutations in
the exonuclease domain were included. In consideration of statistical
power for somatic gene mutation analyses, we restricted analyses to
genes on our panel that have been well established as being mutated in
colorectal cancer (KRAS, TP53, POLE, BRAF, APC, PIK3CA, and
SMAD4) and previously implicated with F. nucleatum (KRAS). ERBB2
and ERBB3 genes were also included since they belong to the same
tyrosine kinase pathway as KRAS and BRAF.

Statistical analysis
To investigate how different factors such as patients’ clinical and

tumor molecular features relate to the presence or absence of
F. nucleatum in tumor tissue logistic regression models were used.
To assess associations with receipt of chemotherapy, cancer stage, CpG
island methylator phenotype status (CIMP), sex, MSI status, and
hypermutation status, two different logistic regression models were
fitted. The first (simpler) model contained age at diagnosis and sex as
covariates, while a second (larger) model further included tumor site,
hypermutation status, MSI status, and the presence (or absence) of
mutations in POLE, TP53, and ERBB3 genes. An ANOVA was
performed for the age at diagnosis and tumor burden using the aov
() function from the R package stats (where age at diagnosis and tumor
burden were treated as dependent variables and F. nucleatum status
(presence/absence) as an independent variable).

We adjusted P values using the Benjamini–Hochberg method
(SupplementaryMaterials andMethods) to control the FDR. To assess
the association between the presence of F. nucleatum subspecies with
colorectal cancer–specific mortality in 1,320 cases with available
survival outcomes data, we used Cox proportional hazards regression
analysis, adjusting for sex, age at diagnosis, tumor site, tumor stage,
hypermutation status, tumor burden, MSI status, and POLE, TP53,
and ERBB3 mutation status. We checked the proportional hazards
assumption and used stratification for the Cox model to allow for
nonproportionality as necessary. To deal with missing data in the case
of univariable and multivariable logistic regressions (results
in Table 1), cases with missing data for tumor location were removed
before the analysis. For the Cox proportional hazards regression
(results in Tables 2 and 3), when fitting the model only the relevant
complete cases were used in the analysis. For each F. nucleatum
subspecies status, we generated adjusted survival curves that were
obtained by averaging conditional survival curves based on the Cox
model over covariate distribution, as well as the corresponding
pointwise confidence intervals (CI) based on 1,000 bootstrapping
samples. We performed a series of sensitivity analyses in which
different propensity score based methods were used for modeling
the association of F. nucleatum subspecies with survival (Supple-
mentary Materials and Methods). For mutated genes significantly
associated with F. nucleatum, we estimated the average treatment
effect (ATE) by marginalizing over the covariate distribution to
quantify the difference in proportions of F. nucleatum presence
between mutated and nonmutated.

Data availability
All data relevant to the study are included in the article or uploaded

as supplementary information.

Results
Characterization of Fusobacterium in colorectal cancer cases

We detected F. nucleatum–specific DNA in 10.3% of 1,994 colo-
rectal cancer tumors (n ¼ 206; Fig. 1). Among the sequence reads
mapping to Fusobacterium, 92% mapped to F. nucleatum. Other
species, including F periodonticum, each mapped to ≤2% of reads
(Fig. 2; Supplementary Table S1). Further characterization of the
F. nucleatum mapping reads identified subspecies F. nucleatum ani-
malis (68.5%), F. nucleatumnucleatum (13.9%), F. nucleatum vincentii
(13.9%), and F. nucleatum polymorphum (3.7%; Supplementary
Table S1).

As survival, tumor feature, and chemotherapy data were not
available for all tumors (see Table 1 and Supplementary Materials
and Methods), the total number of samples used in analyses
varied.

Association of F. nucleatum with clinical features
F. nucleatumwas foundmore often in right-sided tumors compared

with left-sided tumors [odds ratio (OR), 1.77; P ¼ 0.00072; Table 1].
Within the proximal region, tumors in the cecum were most likely to
be positive for F. nucleatum (OR, 1.5, 95% CI, 1.0–2.3; P ¼ 0.035).
Tumors diagnosed at stage II (OR, 1.77; P ¼ 0.027) or stage III (OR,
1.84; P ¼ 0.022) were more likely to be positive for F. nucleatum
compared with stage I tumors. Furthermore, F. nucleatum was more
prevalent among women than men (OR, 1.42; P ¼ 0.031). However,
none of these associations remained significant in the multivariate
adjusted model and after accounting for multiple testing. Age at
diagnosis was not associated with presence of F. nucleatum in tumors
(P ¼ 0.59).

We performed subsequent analyses to examine associations at the
subspecies level. Consistent with our overall findings, presence of the
predominant subspecies, F. nucleatum subspecies animalis, was asso-
ciated with right-sided versus left-sided tumors (OR, 2.47; P¼ 2.5e-5),
female versus male sex (OR, 1.52; P¼ 0.04), and stage II (OR, 2.3; P¼
0.02), stage III (OR, 2.55; P ¼ 0.009) versus stage I tumors, and
microsatelitte-instable versus tumors not microsatellite instable (OR,
2.84; P ¼ 4.86e-06; Supplementary Table S2). Except for sex, these
associations remained significant in the multivariate adjusted model
and accounting for multiple testing. F. nucleatum subspecies vincentii,
and F. nucleatum subspecies nucleatum were not associated with the
above features (Supplementary Table S2).

Impact of F. nucleatum on survival
Weobserved that patients with F. nucleatum present in tumors were

more likely to die of colorectal cancer than those without F. nucleatum
present (HR, 1.97, CI, 1.35–2.86, P¼ 0.0004). This association remains
statistically significant, even after adjustment for tumor stage (P ¼
0.018; Fig. 3A and 3B; Table 2). A subanalysis restricted to non-
hypermutated, microsatellite stable (MSS) tumors was consistent with
this overall finding (HR, 2.13; 95% CI, 1.44–3.15; P ¼ 0.0002). In
contrast, among cases with hypermutated tumors with MSI, the
presence of F. nucleatum was not significantly associated with survival
(HR, 0.84; 95% CI, 0.21–3.34; P ¼ 0.81). As F. nucleatum has been
linked to chemoresistance (19), we stratified the association between
F. nucleatum and colorectal cancer–specific mortality by chemother-
apy. We observed that F. nucleatum was associated with increased
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colorectal cancer–specificmortality in colorectal cancer cases receiving
chemotherapy (HR, 1.92; CI, 1.07–3.45; P ¼ 0.029), but not in those
without chemotherapy (HR, 0.42; CI, 0.06–3.16; P ¼ 0.40).

We further examined colorectal cancer–specific survival within
F. nucleatum subspecies. The presence of F. nucleatum subspecies
animaliswas associatedwith highermortality (HR, 2.16; 95%CI, 1.34–
3.47; P ¼ 0.0016; Table 3); however, the presence of F. nucleatum
subspecies vincentii and F. nucleatum subspecies nucleatum were not
(HR, 1.07; 95% CI, 0.48–2.43; P ¼ 0.86; Fig. 3C). When further
adjusting for tumor stage in the subspecies analysis, F. nucleatum
subspecies animalis exhibited the same survival trend, but did not
remain statistically significant. Thismay be due to a limited sample size
(Table 3) or may suggest that the effect of F. nucleatum and the

subspecies animalis on colorectal cancer–specific mortality is partly
driven by a shift in stage.

Importantly, all results from the Cox proportional hazards regres-
sion analyses described above were consistent with results from our
sensitivity analyses using different propensity score-based methods
(Supplementary Tables S3, S4, and S5).

F. nucleatum, MSI, and tumor hypermutation features
F. nucleatum was more often present in hypermutated tumors

compared with nonhypermutated tumors (OR, 1.98; P ¼ 0.0004;
Table 1). Mutations in DNA mismatch repair genes (MLH1, MLH3,
MSH2, MSH6, PMS2) and in the exonuclease domain of POLE
contribute to hypermutation in colorectal cancer (26). DNAmismatch

Table 1. Patient characteristics, tumor features, and the presence of F. nucleatum in colorectal cancer tissue.

Characteristic
Fuso-negative,
N (%)

Fuso-positive,
N (%) OR (95% CI)a FDR, Pb OR (95% CI)c FDR, Pb

Age at diagnosisd

Mean 63.3 � 12.2 63.8 � 12.5 – –
N 1,659 192 – –

Sex
Men 836 (50) 80 (42) Ref Ref
Women 824 (50) 112 (58) 1.42 (1.05–1.93; P ¼ 0.023) 0.031 1.31 (0.96–1.79; P ¼ 0.09) 0.18

Total 1,660 192
Chemotherapy

No 616 (48.5) 66 (44.3) Ref Ref
Yes 653 (51.5) 83 (55.7) 1.25 (0.88–1.79; P ¼ 0.22) 0.27 1.29 (0.90–1.87; P ¼ 0.17) 0.21

Total 1,269 149
Cancer stage

Stage I 462 (35) 35 (24) Ref Ref
Stage II 356 (27) 47 (33) 1.77 (1.11–2.85; P ¼ 0.017) 0.027 1.72 (1.06–2.82; P ¼ 0.029) 0.099
Stage III 345 (26) 48 (33) 1.84 (1.15–2.98; P ¼ 0.012) 0.022 1.88 (1.16–3.10; P ¼ 0.011) 0.061
Stage IV 142 (11) 14 (10) 1.36 (0.68–2.58; P ¼ 0.36) 0.36 1.52 (0.75–2.95; P ¼ 0.23) 0.25

Total 1,305 144
Tumor site

Rectal 419 (25.2) 31 (16.1) Ref Ref
Distal colon 533 (32.1) 51 (26.6) 1.27 (0.8–2.04; P ¼ 0.31) 0.34 1.22 (0.77–1.97; P ¼ 0.40) 0.4
Proximal colon 708 (42.7) 110 (57.3) 2.04 (1.36–3.16; P ¼ 8e-4) 0.0017 1.46 (0.94–2.33; P ¼ 0.098) 0.18
Left (rectal þ distal) 952 82 Ref Ref
Right (proximal colon) 708 110 1.77 (1.31–2.4; P ¼ 0.00026) 0.00072 1.29 (0.92–1.82; P ¼ 0.14) 0.19

Total 1,660 192
Mutation burdend

Mean 23.2 � 47.8 34.4 � 49.02
Total 1,677 194
Hypermutation status

Nonhypermutated 1,394 (84.0) 138 (71.9) Ref Ref
Hypermutated 266 (16.0) 54 (28.1) 1.98 (1.39–2.78; P ¼ 0.0001) 0.0004 0.51 (0.27–0.95; P ¼ 0.036) 0.099

Total 1,660 192
Microsatellite instability status

MSS 1,434 (86) 134 (70) Ref Ref
MSI 226 (14) 58 (30) 2.27 (1.56–3.3; P ¼ 1.8e-5) 9.9e-5 3.22 (1.72–5.97; P ¼ 0.00023) 0.0025

Total 1,660 192
CpG island methylator phenotype status

CIMP� 1,049 107 Ref Ref
CIMPþ 191 48 1.11 (1.06–1.16; P ¼ 3.2e-6) 3.5e-5 1.04 (0.99–1.10; P ¼ 0.12) 0.19

Total 1,240 155

Abbreviation: Ref, reference.
aAdjusted for the age at diagnosis and sex.
bP values were adjusted for multiple testing using the Benjamini–Hochberg method.
cAdjusted for age at diagnosis; sex; tumor site; hypermutation status; MSI status; and mutations in POLE, TP53, and ERBB3 (for models investigating hypermutation
and MSI status, those variables were only included once in the model).
dAn ANOVA was performed for age at diagnosis and tumor burden (age at diagnosis P ¼ 0.59 and mutation burden P ¼ 0.002).
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Table 3. Presence of F. nucleatum subspecies in colorectal cancer tissue and colorectal cancer–specific survival.

F. nucleatum subsp animalis Cases (n) Events (n) HR (95% CI)a HR (95% CI)b

Negative 1,196 224 1.00 (Ref) 1.00 (Ref)
animalis 80 20 2.16 (1.34–3.47) 1.75 (0.99–3.10)
P 0.0016 0.056
vincentii þ nucleatum 40 6 1.07 (0.48–2.43) 1.02 (0.42–2.51)
P 0.86 0.96

aMultivariable analysis adjusted for sex; age at diagnosis; tumor site; hypermutation status; tumor burden; mutations in POLE, TP53, and ERBB3; and MSI status.
bMultivariable analysis adjusted for sex; age at diagnosis; tumor site; hypermutation status; tumor burden; mutations in POLE, TP53, and ERBB3; MSI status; and
tumor stage.

Figure 1.

F. nucleatum DNA abundance detected in 1,994 colorectal cancer tumors. F. nucleatum DNA abundance in units of ppm detected in 206 colorectal tumor DNA
samples with minimum abundance ≥0.5 ppm. The F. nucleatum subspecies are shown in different colors.

Table 2. Presence of F. nucleatum in colorectal cancer tissue and colorectal cancer–specific survival.

F. nucleatum Cases (n) Events (n) HR (95% CI)a HR (95% CI)b

Negative 1,174 216 1.00 (Ref) 1.00 (Ref)
Positive 142 34 1.97 (1.35–2.86) 1.68 (1.09–2.59)
P 0.0004 0.018

aMultivariable analysis adjusted for sex; age at diagnosis; tumor site; hypermutation status; tumor burden; mutations in POLE, TP53, and ERBB3; and MSI status.
bMultivariable analysis adjusted for sex; age at diagnosis; tumor site; hypermutation status; tumor burden; mutations in POLE, TP53, and ERBB3; MSI status; and tumor stage.

Fusobacterium nucleatum in Colorectal Cancer

AACRJournals.org Cancer Epidemiol Biomarkers Prev; 2021 OF5

Research. 
on December 9, 2021. © 2021 American Association for Cancercebp.aacrjournals.org Downloaded from 

Published OnlineFirst November 4, 2021; DOI: 10.1158/1055-9965.EPI-21-0463 

http://cebp.aacrjournals.org/


repair-deficient, MSI tumors were more likely to have F. nucleatum
present comparedwith theMSS tumors (OR, 2.27;P¼ 9.9e-5;Table 1).
Additionally, F. nucleatumwas associated with CIMP status (OR, 1.11;
P ¼ 3.5e-5; Table 1). We found that tumors with POLE exonuclease
domain mutations were also more likely to have F. nucleatum present
(OR, 4.14; P ¼ 0.029; Table 4). The association for MSI status and
POLEmutation status remained significant in the multivariate adjust-
ed model and accounting for multiple testing.

At the subspecies level, F. nucleatum subspecies animalis was more
often present in hypermutated tumors compared with nonhypermu-
tated tumors (OR, 2.59; P¼ 2.5e-5; Supplementary Table S2). Tumors
with MSI were also more likely to have F. nucleatum subspecies
animalis present than the MSS tumors (OR, 2.84; P ¼ 2.5e-5).

F. nucleatum and tumor gene mutations
When testing the association of F. nucleatum with mutation status

of somatic genes frequently mutated in colorectal cancer, while
accounting for multiple testing, we observed that the presence of
F. nucleatum was associated with mutations in ERBB3 (OR, 4.33;
P ¼ 0.005; Table 4). The average treatment effect of F. nucleatum on
ERBB3 was 18.8% (P¼ 0.007; Supplementary Table S6) with 8.2% for

ERBB3 nonmutated and 27.0% for ERBB3mutant. Mutations in TP53
appeared to be negatively associated with the presence of F. nucleatum,
but results were not statistically significant after accounting for
multiple comparisons (OR, 0.64; P¼ 0.064; Table 4). Mutation status
ofAPC,PIK3CA,KRAS,BRAF,ERBB2, and SMAD4was not associated
with F. nucleatum prevalence.

At the subspecies level, the presence of F. nucleatum subspecies
animaliswas associatedwithmutations inERBB3 (OR, 3.76;P¼ 0.043;
Supplementary Table S7). No significant associations were found
between presence of F. nucleatum subspecies animalis and mutation
status for APC, TP53, KRAS, PIK3CA, KRAS, BRAF, ERBB2, or
SMAD4.

Discussion
We used NGS to comprehensively characterize the presence of

F. nucleatum in 1,994 colorectal cancer cases. Presence of F. nucleatum
was associated with tumor site, tumor stage, sex, microsatilite insta-
bility, and mutation status of a subset of genes frequently mutated in
colorectal cancer. Colorectal cancer–specific mortality increased with
the presence of F. nucleatum, an association that was restricted to

Figure 2.

Percent of sequencing reads mapping to Fusobacterium species and subspecies. A total of 206 colorectal cancer tumors positive for F. nucleatumwere used in the
plots.
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nonhypermutated, microsatellite-stable tumors and to patients receiv-
ing chemotherapy. F. nucleatum subspecies animalis is the most
common subspecies in colorectal cancer, and is most significantly
associated with patient tumor characteristics, colorectal cancer–
specific mortality, and somatic mutations.

We used 18 primer pairs to amplify F. nucleatum–specific nusA,
nusG genes, and 16S rRNA, and generated consistent results across our
studies at the species and subspecies levels. The percent of cases we
observed as having F. nucleatum present (10.3%) is in line with most
previous studies, which identified F. nucleatum in 9% to 13% of
colorectal cancer cases (7, 9, 19, 27, 28).

Tumors containing F. nucleatum were more likely to present in the
right side of the colon, at advanced stages, and in women. The higher
prevalence of F. nucleatum bearing tumors in the cecum, the far right
of the colon, is consistent with at least one previous publication (8).

More tumors in the cecum with F. nucleatummay have occurred due
to its direct connection to the appendix, which is known to harbor
Fusobacteria (29). We discovered that right-sided tumor location, and
advanced tumor stages (particularly stage II and III), were significantly
associated with the presence of F. nucleatum subspecies animalis, but
not with other abundant F. nucleatum subspecies. These findings are
relevant for colorectal cancer prognosis and treatment.

We found the presence of F. nucleatum associated with increased
colorectal cancer–specific mortality. This observation is consistent
with previous publications (7, 20, 30–32). Our finding of an association
of F. nucleatum with higher colorectal cancer–specific mortality in
patients receiving chemotherapy further supports its role in chemore-
sistance (19). Moreover, we identified the F. nucleatum subspecies F.
nucleatum subspecies animalis, but not F. nucleatum subspecies
vincentii or F. nucleatum subspecies nucleatum, to be associated with

Figure 3.

Adjusted survival curves for colorectal cancer–specific survival based on Cox models. A, According to the presence of F. nucleatumDNA in colorectal cancer tissues
adjusted for sex; age at diagnosis; tumor site; hypermutation status; tumor burden; mutations in POLE, TP53, and ERBB3; and MSI. B, According to the presence of
F. nucleatum DNA in colorectal cancer tissues adjusted for sex; age at diagnosis; tumor site; hypermutation status; tumor burden; mutations in POLE, TP53, and
ERBB3; MSI; and tumor stage.C,According to the presence of F. nucleatum subspecies DNA in colorectal cancer tissues adjusted for sex; age at diagnosis; tumor site;
hypermutation status; tumor burden; mutations in POLE, TP53, and ERBB3; and MSI. D, According to the presence of F. nucleatum subspecies DNA in colorectal
cancer tissues adjusted for sex; age at diagnosis; tumor site; hypermutation status; tumor burden;mutations inPOLE, TP53, andERBB3; MSI; and tumor stage.P values
resulting from the multivariate analyses are shown on the plots. Pointwise confidence intervals are based on 1,000 bootstrapping samples. ssp, subspecies.
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colorectal cancer–specificmortality. This difference is likely not driven
by statistical power as the association with colorectal cancer–specific
survival is qualitatively different (HR, 2.16 vs. 1.07). Our approach
was capable of detecting all 4 F. nucleatum subspecies, of these
F. nucleatum subspecies polymorphum was the least abundant and
present in fewer patients. These findings strongly suggest a pathogenic
role of F. nucleatum animalis in colorectal cancer.

Comparing stage-unadjusted and stage-adjusted results suggests
that the effect of F. nucleatum and its subspecies animalis on survival is
mediated, in part, through a shift towards a higher tumor stage given
that the stage-adjusted association is weaker. We consider the stage-
adjusted analyses as secondary analyses that provide mechanistic
insights into the association. While studies that aim to identify
predictors for survival tend to default to stage-adjusted analyses to
explore if themarker adds information above the commonly used stage
information, our study is focused on establishing and characterizing
the association between F. nucleatum status and survival.

The availability of tumor sequencing data allowed us to examine
associations between the presence of F. nucleatum and select tumor
molecular features. F. nucleatum, and its subspecies F. nucleatum
subspecies animalis, were more commonly found in tumors withMSI.
Furthermore, we found that F. nucleatum was associated with the
presence of mutations in the proofreading exonuclease domain of
POLE, independent ofMSI status. Hypermutated tumors are known to
exhibit abundant neoantigens and thereby elicit an immune response;
however, mechanisms of immunosuppression by F. nucleatum in
colorectal cancer also have been described (18). As F. nucleatum was
not associated with colorectal cancer–specific mortality in hypermu-
tated tumors, it is unlikely that F. nucleatum impacts improved
survival in this tumor subtype.

We further examined the association of F. nucleatum with fre-
quentlymutated genes belonging to the following pathways implicated
in colorectal cancer: WNT, p53, receptor-tyrosine kinase, TGF-b, and
PI-3-kinase pathways (33). Among these genes, only an association
between KRAS and F. nucleatum was described in a previous
study (32). Consistent with this prior study, we found suggestive
evidence (although not surpassing the multiple comparison test) that
the presence ofF. nucleatum is associatedwithmutations inKRAS (32).
As KRAS belongs to the receptor tyrosine kinase pathway, we further
examined the association of F. nucleatum with mutually exclusive

mutations in BRAF, NRAS, ERBB2, and ERBB3, all belonging to the
same pathway. Interestingly, the presence of F. nucleatum, and its
subspecies F. nucleatum subspecies animalis, was significantly
associated with mutations in ERBB3, after adjusting for covariates.
Nonsynonymous oncogenic mutations in ERBB3 have been described
in colorectal cancer and other cancers (34–36). Confirmed oncogenic
mutations, V104M/L, A232V, P262S, G284R, and Q809R (34, 35) as
well as all known and predicted oncogenic mutations described in
OncoKB curated dataset (37) were present in our colorectal cancer
tumors. Among these mutations, the V104M/L substitutions in the
extracellular domain of the ERBB3 receptor were the most common
alterations. Expression of ERBB family of receptors on the surface of
epithelial cells exposes these receptors directly to gut bacteria. Several
pathogenic bacteria are known to exploit host cell signaling pathways
to promote their adherence and internalization. For example, for entry
of N. meningitidis and N. gonorrhoeae into epithelial cells, transloca-
tion of ERBB receptors to the apical surface and their recruitment have
been demonstrated (38). F. nucleatum has also been shown to inter-
nalize in the epithelial and endothelial cells of colon and other
tissues (11, 39–41). Internalization of F. nucleatum into epithelial
cells and recruitment of the ERBB receptors by other bacteria for host
cell entry may suggest a similar mechanism for F. nucleatum. Addi-
tional studies are required to test this hypothesis and potential
blockade of ERBB receptors.

The second most commonly mutated gene in colorectal cancer is
TP53, having mutations in approximately 53% of tumors (22, 33).
Although our result is slightly above the significance threshold after
adjusting formultiple testing, our analysis suggests that F. nucleatum is
more likely present in tumors with wild-type TP53, in line with the
results from a previous study (15). Consistent with our findings, TP53
deletion and inhibition in the host were shown to enhance the
clearance of extracellular bacteria during pneumonia by increasing
the function of microbicidal neutrophils (42). Some pathogenic bac-
teria are also known to inhibit p53 by inducing its degradation
resulting in the alteration of the p53 stress response (43). This
phenomenon was first described in gastric cells cocultured with
Helicobacter pylori (44). By interfering with the wild-type p53 func-
tion, bacterial pathogens extend the life of host cells to access sufficient
nutrients during intracellular replication (45). Although the exact role
of F. nucleatum in the p53 pathway remains unknown, similar

Table 4. Associations between somatically mutated genes and the presence of F. nucleatum in colorectal tumors.

Mutation status
(mutant vs. nonmutated) Univariate OR (95% CI) FDR, Pa Multivariable OR (95% CI)b FDR Pa

KRASc 1.35 (0.94–1.94, P ¼ 0.099) 0.16 1.42 (0.97 2.07, P ¼ 0.067) 0.15
TP53 0.58 (0.43–0.79 P ¼ 0.00044) 0.002 0.64 (0.44–0.94, P ¼ 0.021) 0.064
POLEd 2.82 (1.1–6.4 P ¼ 0.019) 0.057 4.14 (1.42–11.19, P ¼ 0.0064) 0.029
ERBB2 0.95 (0.28–2.43, P ¼ 0.93) 0.93 0.65 (0.18–1.77, P ¼ 0.44) 0.665
ERBB3 6.22 (2.87–12.89, P ¼ 1.49e-6) 1.34e-5 4.33 (1.84–9.85, P ¼ 0.00056) 5.0e-3
APC 0.77 (0.57–1.05), P ¼ 0.098) 0.16 1.02 (0.73–1.42, P ¼ 0.93) 0.93
BRAF 1.58 (0.89–2.70, P ¼ 0.12) 0.16 0.88 (0.43–1.73, P ¼ 0.72) 0.81
PIK3CA 1.37 (0.9–2.02, P ¼ 0.12) 0.16 1.22 (0.80–1.83, P ¼ 0.33) 0.60
SMAD4 1.08 (0.64–1.72, P ¼ 0.75) 0.85 1.11 (0.65–1.7, P ¼ 0.68) 0.81

Note: In the regression analysis, F. nucleatum was used as a binary outcome variable (negative ¼ 0 vs. positive ¼ 1) and gene mutation status as the independent
variable. Details of genes with mutations are presented in the Materials and Methods section.
aP values were adjusted for multiple testing using the Benjamini–Hochberg method.
bLogistic regression model adjusted for sex, age at diagnosis, tumor site, MSI, and hypermutation status.
cCodons G12/13, Q61, K117, and A146.
dExonuclease domain mutations.
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mechanisms of rapid clearance of F. nucleatum from tumors with
mutated TP53 and the requirement of wild-type p53 for successful
infection could be operating in colorectal cancer tumors.

In colorectal cancer, F. nucleatum has been shown to activateWNT/
b-catenin signaling, generate a proinflammatory microenvironment,
and modulate the tumor microenvironment to evade the antitumoral
immune response. Interaction of the FadA protein of F. nucleatum to
E-cadherin mediates F. nucleatum attachment and invasion into the
epithelial cells leading to the activation of b-catenin signaling,
increased expression of transcription factors, oncogenes, WNT genes,
and inflammatory genes, as well as growth stimulation of colorectal
cancer cells (16). F. nucleatum has also been shown to generate a
proinflammatory microenvironment by the expansion of myeloid-
derived immune cells that is conducive for colorectal cancer neoplasia
progression (17). Enrichment of the F. nucleatum in colonic adenomas
indicates its involvement in the early development of colorectal
cancer (16, 17). Interaction of the Fap2 protein of F. nucleatum with
the TIGIT receptor on natural killer cells, T cells, and tumor-
infiltrating lymphocytes inhibits antitumor immune activities of
these cells (18). Collectively, modulation of the tumor microenvi-
ronment, oncogenic signaling in tumor cells, and immune evasion
by F. nucleatum exacerbate tumor progression affecting survival.

Our findings advance our understanding of the potential contribu-
tions of the gut microbiome to colorectal cancer outcomes. Potential
interventions that could stem from this work include the use of
antibiotics, pre- and probiotics, vaccines, fecal transplants, and
dietary/exercise interventions. Previous work in colorectal cancer
patient-derived xenograft mice, has shown that treatment with a
broad-spectrum antibiotic reduces F. nucleatum load, cancer cell
proliferation, and overall tumor growth (13). These findings demon-
strate the potential therapeutic value of antimicrobial interventions in
patients with F. nucleatum–associated colorectal cancer. However, as
the use of broad-spectrum antibiotics in patients with colorectal cancer
may have negative consequences via impact on the commensal micro-
bial community, further studies to identify a narrow-spectrum
antibiotic targeting F. nucleatum are warranted. Other alternative
approaches include the use of “predatory” bacteria such as Bdellovibrio
bacteriovorus to combat F. nucleatum (46) or other oncogenic bacteria
and dietary interventions (9, 47, 48) that alter the gut microbiome.

The enrichment of F. nucleatum in colorectal cancer, as well as its
role in colorectal cancer tumorigenesis, have been described in several
studies (7–13, 30). One primary strength of the current study is the use
of NGS of archival FFPE tumor tissues, which enabled identification of
F. nucleatum at the subspecies level. We adjusted for multiple com-
parisons, allowing for careful evaluation of findings from prior studies
that lacked this more stringent approach. Another advantage of this
study, which had robust findings across different propensity score-
based methods, is the analysis of well characterized cohorts with long
follow-up periods and data on colorectal cancer–specific survival,
tumor characteristics, somatic mutations. Because F. nucleatum was
found in only 10% of tumors, some analyses of subspecies and less
frequently mutated genes were limited due to sample size, even in the
context of this large study. Thus, additional tumor sequencing is
required to further improve statistical power.

Our study produced important and significant results, including
that right-sided tumors are more likely to contain F. nucleatum, and
that presence ofF. nucleatum is significantly associatedwith advanced-
stage tumors, colorectal cancer–specific mortality, and specific tumor
molecular features. F. nucleatum was also associated with increased
colorectal cancer–specific mortality in chemotherapy-receiving colo-
rectal cancer cases. Additionally, we found that F. nucleatumwasmore

prevalent in tumors with KRAS and ERBB3 mutated genes and wild-
type TP53. Although multiple mechanisms have been described for
F. nucleatum’s role in colorectal cancer, its connection to TP53 and
ERBB3 pathways remains unknown. Particularly intriguing is the
novel finding pointing toward F. nucleatum subspecies animalis as
the most likely pathogenic subspecies of F. nucleatum. In this regard,
our results may shed new light on the role of F. nucleatum in colorectal
cancer and aid in designing better approaches for the diagnosis and
treatment of patients with colorectal cancer harboring F. nucleatum in
their tumors.
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