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Abstract

Objective—Accumulating evidence links the intestinal microbiota and colorectal carcinogenesis.
Fusobacterium nucleatum may promote colorectal tumour growth and inhibit T-cell-mediated
immune responses against colorectal tumours. Thus, we hypothesized that the amount of
Fusobacterium nucleatum in colorectal carcinoma might be associated with worse clinical
outcome.

Design—We utilised molecular pathological epidemiology database of 1,069 rectal and colon
cancer cases in the Nurses’ Health Study and the Health Professionals Follow-up Study, and
measured Fusobacterium nucleatum DNA in carcinoma tissue. Cox proportional hazards model
was used to compute hazard ratio (HR), controlling for potential confounders, including
microsatellite instability (MSI, mismatch repair deficiency), CpG island methylator phenotype
(CIMP), KRAS, BRAF, and PIK3CA mutations, and LINE-1 hypomethylation (low-level
methylation).

Results—Compared to Fusobacterium nucleatum-negative cases, multivariable HRs (95%
confidence interval) for colorectal cancer-specific mortality in Fusobacterium nucleatun-low cases
and Fusobacterium nucleatum-high cases were 1.25 (0.82 to 1.92) and 1.58 (1.04 to 2.39),
respectively (p for trend = 0.020). The amount of Fusobacterium nucleatum was associated with
MSI-high (multivariable odds ratio, 5.22; 95% ClI, 2.86 to 9.55) independent of CIMP and BRAF
mutation status, whereas CIMP and BRAF mutation were associated with Fusobacterium
nucleatum only in univariate analyses (p < 0.001) but not in multivariate analysis that adjusted for
MSI status.
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Conclusions—The amount of Fusobacterium nucleatum DNA in colorectal cancer tissue is
associated with shorter survival, and may potentially serve as a prognostic biomarker. Our data
may have implications in developing cancer prevention and treatment strategies through targeting
gastrointestinal microflora by diet, probiotics, and antibiotics.

Keywords

bacteria; colorectum; gut microbiome; adaptive immunity

INTRODUCTION

More than 100 trillion (1014) microorganisms inhabit the human intestinal tract and play an
important role in health and disease conditions, including cancer.1=4 A growing body of
evidence suggests a potential link between the microbiota and colorectal carcinogenesis.>13
Proportions of colorectal cancers with specific molecular features including microsatellite
instability (MSI), CpG island methylator phenotype (CIMP)-high, and BRAF mutation have
been shown to decrease continuously from ascending colon to rectum, supporting a gradual
change in pathogenic influence of intestinal microbiota and luminal contents along the
proximal-distal axis.14

Studies have demonstrated an enrichment of Fusobacterium nucleatum in human colorectal
adenomas and carcinomas compared to adjacent normal tissue.1>~17 Experimental studies
have shown that Fusobacterium nucleatum activates the WNT signaling pathway in
colorectal carcinoma cells and may promote colorectal tumour growth,8 and that
Fusobacterium nucleatum may inhibit T-cell-mediated immune responses against colorectal
tumours.16: 19 Consistent with these lines of experimental evidence, a higher amount of
tissue Fusobacterium nucleatum DNA has been associated with advanced disease

stage®: 7- 20 and a lower density of T-cells in human colorectal carcinoma tissue.2: However,
the prognostic significance of Fusobacterium nucleaturm DNA in colorectal cancer tissue,
controlling for clinical, pathological, and tumour molecular features, remains uncertain. We
hypothesized that a higher amount of tissue Fusobacterium nucleatum DNA might be
associated with worse clinical outcome in colorectal cancer.

To test this hypothesis, we utilised over 1,000 colorectal carcinoma cases in two U.S.
nationwide prospective cohort studies (the Nurses’ Health Study and the Health
Professionals Follow-up Study), and examined the amount of tissue Fusobacterium
nucleatum DNA in relation to colorectal cancer mortality. Use of our comprehensive
database enabled us to examine its prognostic role, while controlling for potential
confounders including statuses of MSI, CIMP, and BRAF mutation.

METHODS

Study population

We utilised the database of two U.S. nationwide prospective cohort studies, the Nurses’
Health Study (NHS, with 121,701 women enrolled in 1976) and the Health Professionals
Follow-up Study (HPFS, with 51,529 men enrolled in 1986).22: 23 Every 2 years,
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participants were sent follow-up questionnaires to gather information on health and lifestyle
factors, and asked whether they had received diagnoses of major disease including cancers.
The National Death Index was used to ascertain deaths of study participants and identify
fatal colorectal carcinoma cases. Follow-up has exceeded 90% for each two year
questionnaire. Study physicians reviewed medical records for all colorectal cancer cases, and
assigned the cause of death for all deceased cases. Formalin-fixed paraffin-embedded
(FFPE) tissue blocks were collected from hospitals where participants with colorectal
carcinoma had undergone tumour resection. We included both colon and rectal carcinoma
cases, considering the colorectal continuum model.2* A single pathologist (S.0.), who was
unaware of other data, conducted a centralized review of hematoxylin and eosin-stained
tissue sections from all colorectal carcinoma cases, and recorded pathological features.
Tumour differentiation was categorised as well to moderate or poor (>50% vs.<50%
glandular area). We analysed available data on tissue Fusobacterium nucleatum DNA and
patient survival in 1,069 colorectal carcinoma cases diagnosed up to 2008. Written informed
consent was obtained from all study participants. The institutional review boards at the
Harvard T.H. Chan School of Public Health and the Brigham and Women’s Hospital
(Boston, MA, USA) approved the cohort studies.

Quantitative polymerase chain reaction (PCR) for Fusobacterium nucleatum

DNA was extracted from colorectal carcinoma tissue in whole-tissue sections of FFPE tissue
blocks using Ql1Aamp DNA FFPE Tissue Kit (Qiagen). We performed a quantitative PCR
assay to measure the amount of tissue Fusobacterium nucleatum DNA, after assay validation
as previously described.2! Custom TagMan primer/probe sets (Applied Biosystems) for the
nusG gene of Fusobacterium nucleatum and for the reference human gene, SLCO2AI1 were
used as previously described.’” Each reaction contained 80 ng of genomic DNA and was
assayed in 20 L reactions containing 1x final concentration TagMan Environmental Master
Mix 2.0 (Applied Biosystems) and each TagMan Gene Expression Assay (Applied
Biosystems), in a 96-well optical PCR plate. Amplification and detection of DNA was
performed with the StepOnePlus Real-Time PCR Systems (Applied Biosystems) using the
following reaction conditions: 10 min at 95°C and 45 cycles of 15 sec at 95°C and 1 min at
60°C.

Our validation study has previously shown that in colorectal carcinoma cases with detectable
Fusobacterium nucleatum DNA, the cycle threshold (Ct) values in the quantitative PCR for
Fusobacterium nucleatum and SLCOZA1 decreased linearly with the log-transformed
amount of input DNA from the same specimen (r2 > 0.99), and that the inter-assay
coefficient of variation of Ct values from the same specimen in five different batches was
1% or less for all targets.2! Each specimen was analysed in duplicate for each target in a
single batch, and we used the mean of the two Ct values for each target. The amount of
tissue Fusobacterium nucleatum DNA in each specimen was calculated as a relative unitless
value normalized with SLCO2A1 using the 2~ ACt method (where ACt = “the mean Ct value
of Fusobacterium nucleaturn’ - “the mean Ct value of SLCO2AI").2
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Analyses of MSI, DNA methylation, and KRAS, BRAF, and PIK3CA mutations

DNA was extracted from colorectal carcinoma tissue in whole-tissue sections from FFPE
tissue blocks. MSI status was analysed with the use of 10 microsatellite markers (D2S123,
D5S346, D175250, BAT25, BAT26, BAT40, D18S55, D18S56, D18S67, and D185487) as
previously described.2> We defined MSI-high as the presence of instability in 230% of the
markers, and MSI-low/microsatellite stable (MSS) as instability in <30% of the markers.
Methylation analyses of long interspersed nucleotide element-1 (LINE-1)26: 27 and eight
promoter CpG islands specific for CIMP (CACNA1G, CDKNZA, CRABPI, IGFZ, MLH1,
NEUROG1, RUNX3, and SOCS1)28: 29 were performed. PCR reaction and pyrosequencing
were performed for KRAS (codons 12, 13, 61, and 146),30: 31 BRAF (codon 600),25 and
PIK3CA (exons 9 and 20).32: 33

Statistical analysis

All statistical analyses were conducted using SAS (version 9.3, SAS Institute, Cary, NC) and
all p values were two-sided. Our primary hypothesis testing was a linear trend test in Cox
proportional hazards regression model to assess an association of the amount of tissue
Fusobacterium nucleatum DNA with colorectal cancer-specific mortality. Overall mortality
was a secondary outcome. Cases with detectable Fusobacterium nucleatum DNA were
categorised as low versus high based on the median cut point amount of Fusobacterium
nucleatum DNA, while cases without detectable Fusobacterium nucleatum DNA were
categorised as negative. Test for a linear trend was conducted across the ordinal categories
(negative [0], low [1], and high [2]) of the amount of tissue Fusobacterium nucleatum DNA
as a continuous variable in the Cox proportional hazards regression model. A two-sided a
level was set at 0.05 for our primary hypothesis testing.

For analyses of colorectal cancer-specific mortality, deaths as a result of other causes were
censored. To control for confounders, we used multivariable Cox proportional hazards
regression models. Multivariable models included disease stage as a stratifying variable
using strata function in the SAS proc phreg command. In addition to the amount of tissue
Fusobacterium nucleatum DNA, the multivariable model initially included sex, age at
diagnosis (continuous), year of diagnosis (continuous), family history of colorectal cancer in
a first-degree relative (present vs. absent), tumour location (proximal colon vs. distal colon
vs. rectum), MSI (high vs. MSI-low/MSS), CIMP (high vs. low/negative), KRAS (mutant
vs. wild-type), BRAF (mutant vs. wild-type), PIK3CA (mutant vs. wild-type), and tumour
LINE-1 methylation level (continuous). A backward stepwise elimination with a threshold
of p = 0.05 was used to select variables in the final models. For cases with missing
information on LINE-1 methylation level (5.1%), we assign a separate indicator variable.
For cases with missing information in any of the categorical covariates (family history of
colorectal cancer in a first-degree relative [0.4%], tumour location [0.3%], MSI [4.3%],
CIMP [8.5%], KRAS[7.5%], BRAF[3.6%], and PIK3CA [9.3%]), we included these cases
in the majority category of a given covariate to minimize the number of variables in
multivariable Cox models. We confirmed that excluding the cases with missing information
in any of the covariates did not substantially alter results (data not shown). Previous
experimental studies provide evidence for potentiating effects of Fusobacterium nucleatum
on colorectal tumour progression.16: 18 |f the hypothesis that tissue Fusobacterium
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nucleatum is associated with shorter survival is true, high disease stage and poor tumour
differentiation (both of which are associated with tissue Fusobacterium nucleatum in the
current study) are likely mediators on the causal pathway from the amount of tissue
Fusobacterium nucleatum DNA to shorter survival. Thus, we did not include disease stage or
tumour differentiation in multivariable Cox proportional hazards regression models in our
secondary analysis. The proportionality of hazards assumption was assessed by a time-
varying covariate, using an interaction term of colorectal cancer-specific survival term and
the amount of Fusobacterium nucleaturm DNA (p = 0.45). The Kaplan-Meier method was
used to describe the distribution of colorectal cancer-specific and overall survival, and the
log-rank test for trend was performed to assess a linear trend in survival probability across
the ordinal categories (negative [0], low [1], and high [2]) of the relative amount of tissue
Fusobacterium nucleatum DNA.

All cross-sectional univariable analyses for clinical, pathological, and tumour molecular
associations were secondary exploratory analyses, with an adjusted two-sided a level of
0.003 (= 0.05/16) for multiple hypothesis testing. To assess associations between the ordinal
categories of the amount of tissue Fusobacterium nucleaturm DNA and other categorical
variables, Fisher’s exact test was performed. To compare mean age and mean LINE-1
methylation levels, an analysis of variance assuming equal variances was performed.

We conducted logistic regression analyses to assess associations of the amount of tissue
Fusobacterium nucleaturm DNA (an ordinal predictor variable [negative, low, and high]) with
each component of the American Joint Committee on Cancer (AJCC) staging system,
including pT stage (an ordinal outcome variable [pT1 vs. pT2 vs. pT3 vs. pT4]), pN stage
(an ordinal outcome variable [pNO vs. pN1 vs. pN2]), and M stage (a binary outcome
variable [MO vs. M1]). Test for a linear trend was conducted across the ordinal categories
(negative [0], low [1], and high [2]) of the amount of tissue Fusobacterium nucleatum DNA
as a continuous variable in logistic regression models. The multivariable logistic regression
model initially included age (continuous), sex, year of diagnosis (continuous), family history
of colorectal carcinoma in a first-degree relative (present vs. absent), tumour location
(proximal colon vs. distal colon vs. rectum), MSI (high vs. MSI-low/MSS), CIMP (high vs.
low/negative), KRAS (mutant vs. wild-type), BRAF (mutant vs. wild-type), PIK3CA
(mutant vs. wild-type), and LINE-1 methylation level (continuous). For cases with missing
information in any of the covariates, we assigned a separate (“missing”) indicator variable.
A backward stepwise elimination with a threshold of p = 0.05 was used to select variables in
the final models. To assess independent associations of MSI, CIMP, and BRAF mutation
status (predictor variables) with the amount of tissue Fusobacterium nucleatum DNA (an
ordinal outcome variable [negative vs. low vs. high]), we performed multivariable ordinal
logistic regression analysis. In addition to MSI, CIMP, and BRAF mutation status, the
multivariable ordinal logistic regression model initially included age (continuous), sex, year
of diagnosis (continuous), family history of colorectal carcinoma in a first-degree relative
(present vs. absent), tumour location (proximal colon vs. distal colon vs. rectum), KRAS
(mutant vs. wild-type), PIK3CA (mutant vs. wild-type), and LINE-1 methylation level
(continuous). For cases with missing information in any of the covariates, we assigned a
separate (“missing™) indicator variable. A backward stepwise elimination was performed
with a threshold of p = 0.05 to select covariates in the final model. We assessed the
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proportional odds assumption in the ordinal logistic regression model, which was generally
satisfied (p = 0.06).

Fusobacterium nucleatum in colorectal cancer tissue and patient mortality

We measured the relative amount of Fusobacterium nucleatum DNA in tumour tissue of
1,069 colorectal carcinoma cases within the Nurses’ Health Study and the Health
Professionals Follow-up Study, using the quantitative PCR assay as previously described.?!
Table 1 shows clinical, pathological, and tumour molecular features of the 1,069 cases.
Fusobacterium nucleatum DNA was detected in colorectal carcinoma tissue in 134 (13%) of
the 1,069 cases. We equally dichotomised the cases with detectable Fusobacterium
nucleatum DNA into low versus high.

To test our primary hypothesis, we examined the relationship between the relative amount of
tissue Fusobacterium nucleatum DNA and patient mortality (table 2). In the 1,069 colorectal
cancer cases, there were 578 deaths, including 315 colorectal cancer-specific deaths, during
a median patient follow-up of 10.7 years (interquartile range: 7.0 to 15.8) for censored cases.
The amount of tissue Fusobacterium nucleatum DNA was associated with higher colorectal
cancer-specific mortality in univariable (p for trend = 0.023) and multivariable Cox
regression analyses (p for trend = 0.020). Compared to Fusobacterium nucleatum-negative
cases, multivariable hazard ratios (HRs) for colorectal cancer-specific mortality in
Fusobacterium nucleatum-low cases and Fusobacterium nucleatum-high cases were 1.25
(95% confidence interval [CI], 0.82 to 1.92) and 1.58 (95% ClI, 1.04 to 2.39), respectively. In
Kaplan-Meier analysis, a higher amount of tissue Fusobacterium nucleatum DNA was
associated with shorter colorectal cancer-specific survival (p = 0.023 by the log-rank test for
trend; figure 1A).

In a secondary analysis of overall mortality as an outcome, the amount of tissue
Fusobacterium nucleatum DNA was not significantly associated with overall mortality (p for
trend = 0.99; table 2: p = 0.50 by the log-rank test for trend; figure 1B).

Considering that disease stage and tumour differentiation may be on the causal pathway
from the amount of tissue Fusobacterium nucleatum DNA to shorter survival, we also used
the multivariable Cox regression model that did not include disease stage or tumour
differentiation in a further secondary analysis, and observed a significant association of the
amount of tissue Fusobacterium nucleatum DNA with higher colorectal cancer-specific
mortality (p for trend = 0.0001; supplementary table S1).

Tissue Fusobacterium nucleatum in relation to other features in colorectal cancer

As shown in Table 1, a higher amount of tissue Fusobacterium nucleatum DNA was
associated with proximal tumour location, higher pT stage, poor tumour differentiation,
MSI-high, MLHI hypermethylation, CIMP-high, and BRAF mutation (p<0.001 with the
adjusted a level of 0.003 for multiple hypothesis testing).
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As an exploratory analysis, we examined associations of tissue Fusobacterium nucleatum
DNA with pT stage, pN stage, and M stage (table 3). The amount of tissue Fusobacterium
nucleatum DNA was associated with higher pT stage in univariable (p for trend = 0.0003)
and multivariable ordinal logistic regression analyses (p for trend = 0.0007). The association
of tissue Fusobacterium nucleatum DNA with pN or M stage was not statistically significant
(p for trend = 0.029 with the adjusted a level of 0.003; table 3).

Table 4 shows the distribution of colorectal cancer cases according to combined MSI/CIMP/
BRAF status. As an exploratory analysis, we performed multivariable ordinal logistic
regression analysis to assess independent associations of MSI, CIMP, and BRAF mutation
status with the amount of tissue Fusobacterium nucleatum DNA (table 5). The amount of
tissue Fusobacterium nucleatum DNA was associated with MSI-high (multivariable odds
ratio, 5.22; 95% Cl, 2.86 to 9.55), independent of CIMP and BRAF mutation status. In
contrast, CIMP or BRAF mutation was not associated with Fusobacterium nucleatum after
adjusting for MSI status.

DISCUSSION

We conducted this study to test the hypothesis that a higher amount of tissue Fusobacterium
nucleatum might be associated with worse clinical outcome in colorectal cancer. Utilising
the database of the 1,069 colorectal carcinoma cases in the two U.S. nationwide prospective
cohort studies, we observed the association between the amount of tissue Fusobacterium
nucleatum DNA and higher colorectal cancer-specific mortality.

Recent studies have provided mechanistic insights into the relationship between
Fusobacterium nucleatum and colorectal tumour progression. Fusobacterium nucleatum
expresses the virulence factor FadA on the bacterial cell surface, which has been shown to
activate the WNT signaling pathway in colorectal carcinoma cells and promote colorectal
tumour growth.18 Fusobacterium nucleatum may inhibit T-cell-mediated immune responses
against colorectal tumours in the Apc"™* mouse model.18: 19 Our recent study has shown
an inverse association between the amount of tissue Fusobacterium nucleatum DNA and
CD3* T-cell density in colorectal cancer.2! In the present study, a higher amount of tissue
Fusobacterium nucleatum DNA was associated with a higher pT stage and worse clinical
outcome. These lines of evidence together with the findings from our current study support
the hypothesis that Fusobacterium nucleatum-high colorectal cancers may represent a more
biologically aggressive cancer subtype. In light of possible roles of Fusobacterium
nucleatum in down-regulating T-cell-mediated antitumour immune responses and in
promoting colorectal tumour progression, future investigations may be warranted to explore
potential influence of tissue Fusobacterium nucleatum on efficacy of the T-cell-based
immunotherapies for colorectal cancer.

Colorectal cancers develop through the accumulation of genetic and epigenetic alterations,
influenced by microbial and other environmental exposures and host responses to the
exposures.34-38 |n the current study, a higher amount of tissue Fusobacterium nucleatum
DNA was associated with key tumour molecular features of colorectal cancer, including
MSI-high, CIMP-high, LINE-1 hypomethylation, and BRAF mutation, which have been
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associated with clinical outcome in colorectal cancer.3%-46 By utilising over 1,000 human
colorectal carcinoma cases, to our knowledge we provided the first evidence that supports
the prognostic significance of the amount of Fusobacterium nucleatum DNA in colorectal
cancer tissue, independent of clinical, pathological, and major tumour molecular features. In
addition, our current study could demonstrate that tissue Fusobacterium nucleatum was
associated with MSI-high, but not with CIMP-high or BRAF mutation in multivariate
analysis that adjusted for each other.

We acknowledge limitations of our study. First, the data on cancer recurrence were limited
in the two cohorts. However, colorectal cancer-specific mortality is a reasonable cancer-
specific outcome in the current study, which utilised the population-based data of long-term
patient follow-up, since median survival for recurrent (local or metastatic) colorectal cancer
was approximately 10 to 20 months during much of the time period of this study.*” Second,
the data on cancer treatment were limited. However, it is unlikely that the distribution of
chemotherapy use could substantially differ according to the amount of tissue
Fusobacterium nucleatum DNA, because the data on tissue Fusobacterium nucleatum DNA
were not available for treatment decisions.

Strengths of this study include the use of our molecular pathological epidemiology*8-51
database (of over 1,000 colorectal carcinoma cases in the two U.S. nationwide, prospective
cohort studies), which integrated epidemiologic exposures, clinicopathologic features, key
tumour molecular features, and tissue Fusobacterium nucleatum DNA in colorectal
carcinoma. Importantly, our colorectal cancer specimens were derived from a large number
of hospitals in diverse settings across the U.S., which increases the generalizability of our
findings. In addition, the sample size and comprehensiveness of the colorectal cancer
database enabled us to assess the prognostic significance of tissue Fusobacterium nucleatum
DNA, controlling for potential confounders.

In conclusion, the amount of tissue Fusobacterium nucleatum DNA was associated with
higher colorectal cancer-specific mortality. These findings need to be validated in additional
populations, as analytical and clinical validations are important to implement clinical use of
tumour tissue biomarkers.>2 Upon validation, Fusobacterium nucleatum DNA in colorectal
carcinoma tissue may serve as a prognostic biomarker. In addition, our population-based
data may provide insights for future studies to develop strategies for colorectal cancer
prevention and treatment through targeting the microbiota.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance of this study
What is already known about this subject?

. Microorganisms play an important role in health and disease conditions,
including cancer.

. Fusobacterium nucleatum has been shown to promote colorectal tumour
growth and inhibit antitumour immune responses in animal models.

. Fusobacterium nucleaturm DNA is detectable in a subset of human colorectal
neoplasias.

What are the new findings?

. The amount of Fusobacterium nucleatum DNA in colorectal cancer tissue is
positively associated with colorectal cancer-specific mortality, independent of
clinical, pathological, and major tumour molecular features.

. The amount of Fusobacterium nucleatum DNA in colorectal cancer tissue is
positively associated with pT stage.

. The amount of Fusobacterium nucleatum in colorectal cancer tissue is
associated with MSI-high both in univariable and multivariable analyses
(independent of CIMP and BRAF mutation status), whereas CIMP and BRAF
mutation are associated with Fusobacterium nucleatum only in univariate
analyses but not after adjusting for MSI status.

How might it impact on clinical practice in the foreseeable future?

. Fusobacterium nucleatum DNA in colorectal carcinoma tissue may serve as a
potential prognostic biomarker.

. Our population-based data can provide insights for the development of new
colorectal cancer prevention and treatment strategies through targeting the
microbiota.
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Figure 1.

Kaplan-Meier curves for colorectal cancer-specific survival (A) and overall survival (B)
according to the amount of Fusobacterium nucleatum DNA in colorectal cancer tissue. The p
value was calculated by the log-rank test for trend (two-sided). The tables (bottom) show the
number of patients who remained alive and at risk of death at each time point after the

diagnosis of colorectal cancer.

Gut. Author manuscript; available in PMC 2017 December 01.



Page 16

Mima et al.

(%TT1) 2 (%ST) 6 (%92) G2z (%S2) TvZ I
€000 afes aseasip DOV
(%.7) 0T (%ST1) 6 (%) 61T (%ST) 8€T (=) eNd
(%z2) €T (%.22) 9T (%z2) 28T (%z2) 112 (e-T) TN
(%719) 9¢ (%83) G¢ (%v9) 1€S (%€9) 209 (0) oNd
¥8°0 (sapou ydwA| annisod jo Jaquinu) abers Nd
(%z'8) S (%€T) 8 (%T°S) v (%8'9) LS (suebio 1aupo 10 esouss) v1d
(%L2) v (%99) T (%29) z€s (%€9) 029 (esosasans) €1d
(%99) v (%6T) 21 (%ce) 681 (%T12) S0z (endoud sprenasnw) z1d
(%z'8) S (%9T) T (%TT) €6 (%0T) 66 (esoonwigns) T1d
80000 (uoiseaur snowny jo yidap) abels 1d
(%11) £ (%82) 6T (%ee) soz (%ee) TeT wnoal pue prowbisoloay
(%8T1) 2T (%8T) 2T (%t¢) L82 (%62) T1€ prowbBis 0} ainxa|y d1ua|ds
(%TY) L2 (%ve) €¢ (%ze) 962 (%ze) 9ve U002 8s1ansUel} 0} Bulpusdsy
(%0€) 0z (%02) €T (%ST) GvT (%L7) 8LT wnosen
T00'0 uol11ed0] Jnown g
(%02) €T (%z1) 8 (%02) L8T (%02) 802 jussald
(%08) €5 (%88) 65 (%08) SvL (%08) L58 U9sqY
120 aAITe|a. 93163p-1S.1) B Ul BLWOUIDIRD |19810]02 JO AI0lsiy Ajiweq
(%sv) og (%S6) L€ (%8¢) €5¢ (%6€) Ocv 8002 0} T00Z
(%0€) 0z (%L2) 8T (%82) 092 (%82) 862 0002 0} 966T
(%52) LT (%8T) 2T (%ve) zee (%ee) 15€e G66T 03} Jolid
9700 sisoubelp 4o Jeax
(%99) vv (%719) Tv (%25) S€5 (%85) 029 UBLLIOM
(%ve) €2 (%6€) 9¢ (%ev) 0ov (%zv) 67y UsIN
920 x8s
120 £8F889 06FTTL. 8'8F 269 88 F£'69 (1eak) as  abe uesy
(onreAd (29 =u) ybiH (29 = u) moT] (5e6 = u) annyehaN (690'T = u) swusned v dnsualoereyd

9NSSI] 43JUB) |Le13310|03 Ul \YNQ whniesjdnu wnlisldeqosn- jJo junowe ay |

Author Manuscript

aNssI) 190URD [L19810]02 Ul \YNQ WMBaJanu Wniialoeqosn+ 10 Junowe sy 01 Buipiodoe sonstialorIeyd

T alqeL

Author Manuscript

Author Manuscript

Author Manuscript

Gut. Author manuscript; available in PMC 2017 December 01.



Page 17

Mima et al.

‘sisoubelp 4o Jeak pue ‘xas ‘abie 10} 1da0xa SONSIIB1ORIRYD Y] JO AUk J0) SanjeA BUISSIW pey YoIym Sased alam

813y "aNnssI} JaouBd [L198.10]02 Ul \YNQ WNIBajanu Wwniiajoeqosn o Junowe ayj 0} Buipi0d0e ainjeay Jejnosjow Jnowny Jo ‘|eaibojoyred ‘[eaiuijo o1319ads e Yim sased Jo uonodoad ayy sereaipul abejusdlad
*

“UOITRINBP pJIBpUElS

‘as ‘a|0els au|ja1esoloIW ‘SSIA LAjIgeIsul 8111131s0IdIW ‘ISIA ‘T-IuaWala apiioajonu pasiadsiaiul Buoj ‘T-3N |7 ‘adAouayd JorejAyiaw puest HAD ‘NID H180UBD U0 331IWIWOYD JUIOL UESLIBWY ‘DIrY

170 687259 L0T 7819 00T FT°€9 00T F€€9 as ¥ (%) 193] uone|Ayiaw T-3NIT UedIN
(%L1) TT (%.1) 0T (%91) 9€T (%9T1) 8T weIny
(%€8) 25 (%€8) 8y (%¥8) €12 (%¥8) €18 adA-plim

880 uoneINW voeX/d
(%6€) e (%08) 62 (%ev) 0L€ (%ey) €2y wein
(%719) 8¢ (%08) 62 (%.5) 661 (%28) 995 adA-plim

w0 uoneINW Sy
(%ee) 12 (%ce) 1 (%¥T) 0ET (%9T1) 591 wein
(%89) S (%8L) 05 (%98) 122 (%¥8) 998 adA-plim

60000 uoneINW /vyg
(%ey) 92 (%12) €1 (%91) 6ET (%81) 8.1 ub1H
(%83) 9¢ (%6L) 8y (%¥8) 912 (%28) 008 aniyebau/mo

70000 > sniels dNID
(%0v) 52 (%12) €1 (%T1) 96 (%vT) vET uesald
(%09) L€ (%6L) 87 (%68) 652 (%98) 78 Jussqy

T000°0 > uoneAylswiadAy I+ 7NV
(%sv) 62 (%ve) 22 (%e€T1) 1T (%91) 591 ubIy-IS
(%58) 9¢ (%99) zv (%.8) 082 (%¥8) 858 SSIN/MOI-ISIN

70000 > snyess ISW
(%82) 61 (%.T) 1T (L) 2L (%9'6) 20T Jood
(%2z2) 8y (%€8) a5 (%z6) 298 (%06) 596 aljeJapowl 0} ||

T000°0 > uolenuaIsIp Jnown
(%t2) €1 (%1'8) S (%vT1) GTT (%vT) €€T Al
(%€2) vT (%0v) G2 (%82) 62 (%82) 8.2 [
(%sv) 82 (%.€) €¢ (%ze) vl (%eg) Gee 1l

jonrea d (29 = u) ybiH (L9 =u)mo (g6 = u) annebeN (690'T = u) swuaned ||v LOnsusoeleyd

9NSSI] 43duUB) |B]13910|03 Ul \YNQ whniesjdnu wnlisldeqosn4 Jo junowe ay |

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Gut. Author manuscript; available in PMC 2017 December 01.



Page 18

Mima et al.

‘Bunsay sisayrodAy ajdinnw
10} U01393.109 Juo.Idyuog ajdwis Aq (9T/S0°0 =) £00°0 01 |9A8] © PapIS-0M} palsnipe apn “pawofiad sem aduelIeA JO SISA[eUR Ue ‘S[aAs] UoITe|Auy1aW T-JN |7 Ueaw pue abe ueaw asedwod o “pawlopiad
SeM 1S8) 198X S,J8ySlH ‘sa|qellen [ed1106a1ed pue anssi} Jadued [e19810]0d Ul \YNQ Wijesajonu winlisioeqosn 40 Junowe ayl o (Ubiy pue ‘moj ‘aAlrebau) se1i06a1ed [euIplo 8y} USBMISY SUOITRIIOSSE SSASSE O .J

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Gut. Author manuscript; available in PMC 2017 December 01.



Page 19

Mima et al.

‘|apow uoissalfias X0 ayy ul

9|eLI_A SNONUIUOD B S 9NSSI) J90URD [810810]00 Ul \YNQ Wifeafanu wniisjoeqosn+ 30 unowe ays o ([z] ybiy pue ‘1] moj ‘[0] aAireBau) sariofered [eupIo ay SSOIoe PaloNPUOd SeM PUSJ) Jeaul| B 0y IS8

/
'S|9pOW [euly Y} Ul S3|qeLIBA 103]8S 0}

pasn sem G0°0 = d JO PIOYSBIY) B ULM UOITRUILUIIS PreMX©OR] VW *[9A8] uonelAyIaw (T-3N1T) T-1uswsals apnos|onu pasiadsiaiul Buo| pue ‘suonenw og£x/d Pue Hv&g ‘S ‘edAlousyd JorelAylaw pues)
od) ‘AljigeIsul 811][91eS0Jo1W ‘Uo1Iedo] JInowny ‘Buljgls 4o Juased ul Jaoued [€10310]09 0 AlolsIy Ajiwey ‘sisoubelp Jo Jeak ‘abe ‘Xas papnjoul Ajjeniul [apow uolssaifial X0 paiylielis-abels ajgerreAl}nw ay L
¥

"011eJ pIeZRY “YH ‘[eAI9IUI 90UBPIU0D ‘|D

660 050 020°0 €200 pusn oy d
(251-9.°0)80°T (T9'7-18°0) ¥T'T Ge (6£2-v0T) 8ST (92'2-10T) 18T 9 19 ubIH
(T2'1-650) ¥8°0 (¥¥'1-0L'0) TO'T 43 (26'T-28°0) S2'T (002-98°0) T€'T e L9 Mo
(eoualagal) T (eoualagal) T TTS (soualayal) T (soualayal) T g9z Geh aniebaN
(1D %56) YH paynens (10 swensjooN (1D %S6) HH paiyirels (1D swuene o ON  $9SRD JO 'ON VNQ wnyes|onu
-obejs sjqeLreAny 2056) dH 8|qeleAlun -abels sjgeLeAnnN %056) ¥H dlqelreAlun WiN1I8}0BgOSN- 4O JUNOWE 3y L

Aieriow [[e1anO

Aieriow o1108ds-180Ued (10810100

Author Manuscript

Aljeviow uaired pue anssi 19oURd [219310]09 Ul \YNQ WMB3[INny LWNiajoegosn 10 JUnowe ay L

¢ dlqeL

Author Manuscript Author Manuscript Author Manuscript

Gut. Author manuscript; available in PMC 2017 December 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Mima et al. Page 20

Table 3

Association of the amount of Fusobacterium nucleatum DNA in colorectal cancer tissue with each component
of the American Joint Committee on Cancer staging system

Univariable OR (95% CI)  pultivariable OR (95% C1)*

Model for pT stage (n = 981, as an ordinal outcome variable [pT1 vs. pT2 vs. pT3 vs. pT4])

Negative 1 (reference) 1 (reference)
Low 2.22 (1.27-3.90) 2.41 (1.37-4.24)
The amount of Fusobacterium nucleatum DNA High 224 (1.27-3.95) 2.02 (1.14-3.56)
pfortrend”  0.0003 0.0007
Model for pN stage (n = 951, as an ordinal outcome variable [pNO vs. pN1 vs. pN2])
Negative 1 (reference) 1 (reference)
Low 1.21 (0.72-2.04) 1.48 (0.86-2.52)
The amount of Fusobacterium nucleatum DNA High 1.15 (0.68-1.94) 1.68 (0.96-2.92)
pfortrend’ 045 0.029
Model for M stage (n = 977, as a binary outcome variable [MO vs. M1])
Negative 1 (reference) 1 (reference)
Low 0.56 (0.22-1.43) 0.81 (0.31-2.11)
The amount of Fusobacterium nucleaturm DNA High 170 (0.90-3.24) 233 (1.16-4.69)
pfortrend’ 0-32 0.045

Cl, confidence interval; OR, odds ratio.

*

The logistic regression analysis model initially included age, sex, year of diagnosis, family history of colorectal carcinoma in parent or sibling,
tumour location, microsatellite instability, CpG island methylator phenotype, KRAS, BRAF, and PIK3CA mutations, and long interspersed
nucleotide element-1 (LINE-1) methylation level. A backward stepwise elimination with a threshold of p = 0.05 was used to select variables in the
final models.

7‘Test for a linear trend was conducted across the ordinal categories (negative [0], low [1], and high [2]) of the amount of Fusobacterium nucleatum

DNA in colorectal cancer tissue as a continuous variable in the logistic regression model for pT stage (an ordinal outcome variable), pN stage (an
ordinal outcome variable), or M stage (a binary outcome variable). We adjusted two-sided a level to 0.003 for multiple hypothesis testing.
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Table 5

Ordinal logistic regression analysis to assess independent associations of MSI, CIMP, and BRAF mutation
status with the amount of Fusobacterium nucleatum DNA in colorectal cancer tissue

Model for the amount of Fusobacterium nucleatum DNA (n = 953, as an Univariable OR (95% Multivariable OR (95%
ordinal outcome variable [negative vs. low vs. high]) Cl) CI)*
MSiI-high (vs. MSI-low/MSS) 4.53 (3.04-6.75) 5.22 (2.86-9.55)
CIMP-high (vs. CIMP-low/negative) 2.51 (1.65-3.80) 0.71 (0.35-1.44)
BRAF mutant (vs. wild-type) 2.23(1.46-3.42) 1.14 (0.62-2.10)

Cl, confidence interval; CIMP, CpG island methylator phenotype; MSI, microsatellite instability; MSS, microsatellite stable; OR, odds ratio.

*

In addition to MSI, CIMP, and BRAF mutation status, the multivariable ordinal logistic regression analysis model initially included age, sex, year
of diagnosis, family history of colorectal carcinoma in parent or sibling, tumour location, KRASand P/K3CA mutations, and LINE-1 methylation
level. A backward stepwise elimination with a threshold of p = 0.05 was used to select variables in the final models, and the “year of diagnosis”
variable remained in the final model.
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