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Article

Fusobacterium nucleatum promotes colorectal
cancer by inducing Wnt/b-catenin modulator
Annexin A1
Mara Roxana Rubinstein1,†, Jung Eun Baik1,†, Stephen M Lagana2, Richard P Han3, William J Raab2,

Debashis Sahoo4, Piero Dalerba2,5,6,7, Timothy C Wang6,7 & Yiping W Han1,6,7,8,*

Abstract

Fusobacterium nucleatum, a Gram-negative oral anaerobe, is a
significant contributor to colorectal cancer. Using an in vitro cancer
progression model, we discover that F. nucleatum stimulates the
growth of colorectal cancer cells without affecting the pre-
cancerous adenoma cells. Annexin A1, a previously unrecognized
modulator of Wnt/b-catenin signaling, is a key component through
which F. nucleatum exerts its stimulatory effect. Annexin A1 is
specifically expressed in proliferating colorectal cancer cells and
involved in activation of Cyclin D1. Its expression level in colon
cancer is a predictor of poor prognosis independent of cancer stage,
grade, age, and sex. The FadA adhesin from F. nucleatum up-regu-
lates Annexin A1 expression through E-cadherin. A positive feedback
loop between FadA and Annexin A1 is identified in the cancerous
cells, absent in the non-cancerous cells. We therefore propose
a “two-hit” model in colorectal carcinogenesis, with somatic
mutation(s) serving as the first hit, and F. nucleatum as the second
hit exacerbating cancer progression after benign cells become
cancerous. This model extends the “adenoma-carcinoma” model
and identifies microbes such as F. nucleatum as cancer “facilitators”.
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Introduction

Colorectal cancer (CRC) is the second leading cause of cancer death

in the United States, affecting 1 in 20 individuals [1]. CRC has long

been recognized to result from host mutations that accumulate over

time, developing from pre-cancerous adenomatous polyps into

adenocarcinoma over approximately 10 years [2]. Advancements in

microbial detection technology and human microbiome research

have revolutionized our understanding of a wide spectrum of

diseases, including CRC [3–7]. Numerous recent studies have

reported that the anaerobic Gram-negative oral commensal

bacterium, Fusobacterium nucleatum, plays a significant role in

colorectal carcinogenesis [8–14]. F. nucleatum has been detected in

~10–90% CRC tissues, with higher prevalence in the proximal than

distal colon [15–17]. It is often associated with advanced disease,

chemo-resistance, metastasis, and poor prognosis [14,18–20]. A few

studies have supported a causal role of F. nucleatum in CRC

[10,12,14,21], but detailed mechanistic investigations are scarce.

We have reported previously that F. nucleatum promotes CRC

growth through its unique FadA adhesin, which binds to E-cadherin

(CDH1) and activates Wnt/b-catenin signaling, causing nuclear

translocation of b-catenin and overexpression of inflammatory

genes, Wnt genes, and oncogenes c-Myc and Cyclin D1 (CCND1)

[12]. Binding of FadA to E-cadherin requires both the intact pre-

FadA consisting of 129 amino acid residues and mFadA of 111

amino acid residues without the signal peptide. Together, they form

the FadAc complex [12,22]. FadA was unable to promote growth of

non-cancerous HEK293 cells even in the presence of E-cadherin

[12]. This observation raised the question whether F. nucleatum-

induced growth stimulation is specific for CRC. We report here that

F. nucleatum selectively stimulates the growth of colorectal cancer-

ous cells through activation of Annexin A1 (ANXA1), a member of
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the Annexin family of Ca2+-dependent phospholipid-binding

proteins [23]. Annexin A1 has a molecular weight of 35–40 kDa and

can be found in nucleus, cytoplasm, and plasma membrane of vari-

ous cell types. ANXA1 is involved in a variety of biological

processes and has been postulated to be either a tumor suppressor

or promoter depending on the tumor types [24,25]. Increased

expression of Annexin A1 in CRC has been reported [26,27], but its

role remains unclear. We discover that Annexin A1 is a previously

unrecognized Wnt/b-catenin modulator and a critical growth stimu-

lator of CRC, whose expression is increased in proliferating CRC

cells, but not in non-proliferating or non-cancerous cells. Given the

lack of stimulation of non-cancerous cells by F. nucleatum, we

propose a “two-hit” model, whereby F. nucleatum becomes a “facil-

itator” of cancer progression only after the benign cells progress to a

malignant phenotype.

Results

Fusobacterium nucleatum selectively stimulates the growth of
colorectal cancerous cells

In order to determine the specificity of F. nucleatum-mediated growth

stimulation, we tested the effects of F. nucleatum strain WAL12230

on the PC-9 lung cancer cells, 22RV1 prostate cancer cells, and MCF7

breast cancer cells, all of which expresses E-cadherin, as well as

UMUC3 bladder cancer cells, which does not express E-cadherin [28–

31] (Fig EV1A). No growth stimulation was detected; on the contrary,

F. nucleatum inhibited the proliferation of PC-9, 22RV1, and UMUC3

cells, presumably due to toxic effects (Fig 1A).

We then tested F. nucleatum stimulation of the colonic cells,

utilizing a CRC progression model consisting of a series of cell lines

sequentially derived from a human colonic adenoma [32]. AA/C1 is

a slow-growing non-cancerous adenoma cell line with low colony-

forming efficiency. Following treatment with 1 mM sodium butyrate,

it gave rise to the AA/C1/SB cell line, which grows faster with

increased colony-forming efficiency, but remains non-tumorigenic in

mice. The AA/C1/SB cells were further mutagenized with N-methyl-

N0-nitro-N-nitrosoguanidine to produce a tumorigenic (cancerous)

cell line, AA/C1/SB/10C [32]. F. nucleatum 12230 accelerated the

growth of the AA/C1/SB/10C cells (from now on referred to as

“10C”), but not of the non-tumorigenic AA/C1 or AA/C1/SB (from

now on referred to as “SB”) cells (Fig 1A). As with our previous

report, the growth stimulation was mediated predominantly through

FadA although the fadA-deletion mutant US1 retained a weak stimu-

latory effect, suggesting additional component(s) may be involved

[12]. Although all cell lines tested with F. nucleatum 12230

expressed increased levels of proinflammatory markers, only the

cancerous 10C cells exhibited elevated expression of the oncogene

Cyclin D1, consistent with growth stimulation (Fig EV1B).

Fusobacterium nucleatum binds and invades cancerous cells more
efficiently due to Annexin A1

F. nucleatum 12230 bound 75% more and invaded 150% more effi-

ciently to the cancerous 10C cells, as compared to its non-cancerous

predecessor SB (Fig 1B). These results were consistent with our

previous finding that the fadA gene levels (and F. nucleatum) were

significantly higher in the human colorectal carcinoma tissues than

in the adenoma tissues [12]. The results also suggest that 10C and

SB may differ in their membrane components, which might explain

the differential binding by F. nucleatum.

Previous comparative proteomic analysis revealed two membrane

proteins that were increased in 10C compared to SB: Annexin A1 and

Villin 1 (VIL1) [33]. Down-regulation of Annexin A1 in the 10C cells

by siRNA effectively reduced F. nucleatum binding and invasion, in a

similar manner as suppression of CDH1 (Fig 1B), whereas knock-

down of VIL1 had no effect (Fig 1C). Transfection of ANXA1 into SB

cells significantly increased F. nucleatum binding and invasion

(Fig 1B). These results indicate that Annexin A1 plays an important

role in F. nucleatum interaction with the cancerous 10C cells. Hence,

from this point onward, our investigation focused on Annexin A1.

Annexin A1 is an independent CRC prognosis biomarker

To examine ANXA1 expression in CRC biology in humans, we tested

for their association with recurrence rates in a clinical database

annotated with microarray gene-expression measurements from 466

primary colon carcinomas [34]. The association was first tested

using Kaplan–Meier survival curves, using three different

approaches for patient stratification: (i) based on the median of

ANXA1 mRNA expression levels (Fig 2A); (ii) based on the quartile

distribution of ANXA1 mRNA expression levels (Fig 2B); and (iii)

based on expression thresholds calculated using the StepMiner algo-

rithm (Fig 2C), as previously described [35,36]. High levels of

ANXA1 mRNA expression were associated with a statistically signif-

icant reduction in disease-free survival (DFS) rates, irrespective of

the method used for the stratification (P < 0.001, log-rank test). Dif-

ferences in ANXA1 mRNA expression levels did not appear to corre-

late with differences in each tumor’s relative content of epithelial

cells (i.e., tumor cell density) as revealed by the lack of visual corre-

lations with the epithelial cell marker Desmoplakin (DSP). Impor-

tantly, the association between high levels of ANXA1 mRNA

expression and increased risk of recurrence remained statistically

significant in a series of multivariate analyses (Cox proportional

hazards method) that excluded clinical stage, pathological grade,

age, and sex as possible confounding variables, even after modeling

ANXA1 expression as a continuous variable (Table 1). The hazard

ratio (HR) for disease recurrence associated with increased ANXA1

expression levels was 1.44 (95% CI 1.24–1.68; P < 0.001) when

tested alongside clinical stage, age, and sex across the full patient

cohort (n = 466), and 1.56 (95% CI 1.21–2.02; P < 0.001) when

tested alongside clinical stage, pathological grade, age, and sex in

the patient subgroup annotated with pathological grade (n = 216).

These analyses demonstrate that ANXA1 is a novel colon cancer

prognostic biomarker.

Annexin A1 is a CRC growth factor specifically expressed in
proliferating cancerous cells

We found Annexin A1 was selectively expressed in proliferating

cancerous cells. In 10C and human CRC cells, HCT116, DLD1, and

RKO, ANXA1 gene expression was significantly higher in the non-

confluent than confluent state, despite that very little was expressed

in RKO (Fig 3A). Immunofluorescence staining revealed that

Annexin A1 was expressed on the outer layer of the growing mass
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Figure 1. Fusobacterium nucleatum preferentially binds, invades, and stimulates the growth of cancerous colorectal cells via Annexin A1.

A Lung cancer cells PC-9, prostate cancer cells 22RV1, bladder cancer cells UMUC3, breast cancer cells MCF-7, colonic adenoma-derived non-cancerous cells AA/C1 (aka
C1) and AA/C1/SB (aka SB), or cancerous cells AA/C1/SB/10C (aka 10C) were incubated with wild-type F. nucleatum 12230 (Fn), the fadA-deletion mutant US1 (US1), or
E. coli DH5a (E. coli) at multiplicity of infection (MOI) of 1,000:1. Cell numbers are mean values � SEM. The experiment was performed in triplicates and repeated
three times. *P < 0.05, **P < 0.01, ***P < 0.001, compared to untreated controls; #P < 0.05, ###P < 0.001, compared to US1-treated cells (two-way ANOVA).

B Attachment (left panel) and invasion (right panel) of wild-type F. nucleatum 12230 (Fn) to the non-cancerous SB cells, either untreated or transfected with antisense
or sense ANXA1, and to the cancerous 10C cells, either untreated or transfected with control or ANXA1- or CDH1-specific siRNA or both (MOI 50:1). F. nucleatum
attachment and invasion to the untreated SB cells were designated as 100%, respectively; all other values were expressed as relative to those obtained with
untreated SB. Data are mean values � SEM. The experiment was performed in triplicates and repeated four times. *P < 0.05, **P < 0.01, and ***P < 0.001 (one-way
ANOVA).

C Left panel: qPCR analysis of Villin 1 (VIL1) mRNA levels in 10C cells treated with control siRNA or VIL1-specific siRNA, demonstrating knockdown of Villin 1. Right panel:
Attachment of F. nucleatum 12230 to 10C cells treated with control siRNA or VIL1-specific siRNA. Data are mean values � SD. The experiment was performed in
triplicates and repeated twice. *P < 0.05 (Student’s t-test).
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Figure 2. Annexin A1 is a novel colon cancer prognosis marker.

A–C Relationship between ANXA1 mRNA expression levels and disease-free survival (DFS) in colon cancer patients. The relationship between ANXA1 mRNA expression
levels and DFS was investigated in a database of 466 primary colon carcinomas, assembled by pooling four independent gene-expression array datasets from the
NCBI-GEO online repository (GSE14333, GSE17538, GSE31595, GSE37892), as previously described [34]. The association between ANXA1 expression levels and DFS was
tested using Kaplan–Meier survival curves, after patient stratification in groups with high, medium, and low ANXA1 expression, using three different methods: (A)
based on the median of ANXA1 mRNA expression levels (high 50% versus low 50%); (B) based on the quartile distribution of ANXA1 mRNA expression levels (high
25% versus middle 50% versus low 25%); and (C) based on ANXA1 mRNA expression thresholds calculated using the StepMiner algorithm (low versus high), as
previously described [35,36]. Overall, high ANXA1 mRNA expression levels were associated with a statistically significant reduction in DFS (P < 0.001, log-rank test),
irrespective of the method used for the stratification. Differences in ANXA1 mRNA expression levels did not appear to correlate with differences in each tumor’s
relative content of epithelial cells in the analyzed biospecimens (i.e., tumor cell density) as revealed by the lack of visual correlations with the epithelial cell marker
Desmoplakin (DSP).
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of cancerous 10C cells (Fig 3B; Movie EV1). In contrast, Annexin A1

expression in SB remained at low levels, unaffected by cell density

(Fig 3B).

Using ANXA1-specific siRNA, we were able to inhibit its expres-

sion (Fig EV2A). This led to inhibition of the growth of cancerous

10C, HCT116, DLD1, SW480, and HT29, but not the non-cancerous

SB, or the CRC cells RKO, which expressed the lowest level of

ANXA1 (Fig 3C). Transfection of ANXA1 into SB and RKO signifi-

cantly stimulated their growth (Figs 3D and EV2B). Equal numbers

of HCT116 cells transfected with control or ANXA1-specific siRNA

were then injected subcutaneously and bilaterally into nude mice.

Suppression of ANXA1 significantly attenuated tumor growth

compared to controls (Fig 3E). Similar results were obtained with

DLD1 (Fig EV2C). As no F. nucleatum was included in these experi-

ments, the results demonstrate that Annexin A1 is a critical growth

factor for CRC, regardless of F. nucleatum.

Fusobacterium nucleatum induces Annexin A1 expression in
cancerous cells through FadA and E-cadherin

We investigated the relationship between F. nucleatum and

Annexin A1 and found F. nucleatum induced ANXA1 gene expres-

sion in the cancerous 10C, HCT116, and DLD1 cells, but not in the

non-cancerous SB cells (Fig 4A). The induction required FadA,

because the fadA-deletion mutant US1 was defective, and purified

FadAc induced Annexin A1 in a dose-dependent manner (Fig 4A

and B). Of note, similar induction was detected upon re-analysis of

a recently published, publicly available RNA-seq dataset [14] that

contains gene-expression data from human CRC cells HT29 incu-

bated with a different strain, F. nucleatum ATCC 25586 (Fig EV3A).

Taken together, these consistent observations indicate that ANXA1

overexpression can be interpreted as a common response of CRC

cells to F. nucleatum, across different cell lines and bacterial

strains.

We have shown previously that FadA binds to E-cadherin on

CRC cells [12]. Therefore, we examined the interactions between

FadA, E-cadherin, and Annexin A1. Induction of Annexin A1

expression by FadA was mediated through E-cadherin (Fig 4C)

despite the fact that F. nucleatum did not affect E-cadherin

expression at the transcriptional level (Fig EV3B). The induced

Annexin A1 localized at the outer layer of the cell mass (Fig 4D),

consistent with the observation in Fig 3B. No Annexin A1 was

induced in the non-cancerous SB cells by F. nucleatum (Fig 4D),

suggesting that the induction was specific for the cancerous cells.

FadA, E-cadherin, Annexin A1, and b-catenin form a complex in
cancerous cells

Western blot analysis demonstrated a coordinated increase in E-

cadherin, Annexin A1, and b-catenin protein expression with

increased FadAc binding over time (Fig 5A), suggesting possible

interactions between these components. All four components could

be co-immunoprecipitated, further supporting the formation of a

multi-component complex (Fig 5B and C).

Table 1. Relationship between ANXA1 mRNA expression levels and risk of recurrence in colon cancer patients.

Cox proportional hazards model

Univariate Multivariate

HR 95% CI P-value HR 95% CI P-value

All patients (n = 466)

ANXA1a 1.46 1.25–1.71 < 0.001*** 1.44 1.24–1.68 < 0.001***

Stage (I–IV) 3.47 2.62–4.59 < 0.001*** 3.73 2.74–5.09 < 0.001***

Agea 0.99 0.97–1.00 0.06 1.00 0.98–1.01 0.75

Sex (M/F)b 1.07 0.89–1.28 0.49 1.05 0.88–1.27 0.58

Patients annotated with information on tumor grade (n = 216)

ANXA1a 1.48 1.18–1.87 < 0.001*** 1.56 1.21–2.02 < 0.001***

Stage (I–IV) 3.13 2.14–4.60 < 0.001*** 3.63 2.31–5.70 < 0.001***

Grade (G1–G3) 1.63 0.94–2.82 0.08 1.02 0.58–1.79 0.95

Agea 0.99 0.97–1.01 0.20 1.00 0.98–1.02 0.85

Sex (M/F)b 1.15 0.88–1.51 0.32 1.16 0.86–1.55 0.33

CI, confidence interval; HR, hazard ratio.
The relationship between ANXA1 mRNA expression levels and risk of recurrence was investigated in a database of 466 primary colon carcinomas, obtained by
assembling four independent gene-expression array datasets downloaded from the NCBI-GEO online repository (GSE14333, GSE17538, GSE31595, GSE37892), as
previously described [34]. The association between ANXA1 mRNA expression levels and risk of recurrence was tested using both univariate and multivariate
analyses based on the Cox proportional hazards method, where ANXA1 mRNA expression levels were modeled as a continuous variable. Overall, higher ANXA1
mRNA expression levels were associated with a statistically significant increase in the risk of recurrence when using univariate analysis, in both the whole
database (n = 466; P < 0.001) and the subset of patients annotated with information on the pathological grading of the tumors (n = 216; P < 0.001).
Importantly, the association remained significant also in a multivariate analysis aimed at excluding possible confounding effects from clinical stage, pathological
grade, age, or sex, both when tested across the whole database (n = 466; P < 0.001) and when tested in the subset of patients annotated for the pathological
grading of the respective tumors (n = 216; P < 0.001). Hazard ratios (HRs) were tested for statistical significance (null hypothesis: HR=1) using the Wald test.
aANXA1 mRNA levels and age modeled as a continuous variable.
bM/F: male versus female.
***P < 0.001.
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Analysis by confocal microscopy confirmed that F. nucleatum

and FadAc co-localized with E-cadherin and Annexin A1 in 10C and

DLD1 cells on the cell membranes, as well as inside the cells

(Figs 5D and E, and EV4). This is consistent with our previous

reports that FadAc binds vascular endothelial (VE)-cadherin and E-

cadherin causing them to internalize [12,37]. It should be noted

that, compared to those incubated with mFadA or BSA, 10C cells

incubated with FadAc exhibited not only increased expression of

Annexin A1, but also enhanced co-localization of E-cadherin and

Annexin A1, consistent with Fig 4D.

A positive feedback loop between FadA and Annexin A1 in
cancerous cells

When F. nucleatum was incubated with the 10C cells, it exhibited pref-

erential binding to Annexin A1-positive cells, starting at as early as

5 min of incubation, whereas slight preference for Annexin A1-nega-

tive cells was detected in SB (Fig 6A and B, compare solid and clear

bars). Upon incubation of F. nucleatum with 10C cells, Annexin A1

expression increased with time, and so did F. nucleatum binding to

the cells (Fig 6B). Similar observations were made with DLD1 and

HCT116 cells (Fig 6C and D). The increase of Annexin A1 protein

levels and binding of F. nucleatum were consistent with the kinetics of

transcriptional activation (compare Figs 4A and 6). These results

suggest a positive feedback loop in which F. nucleatum induces

Annexin A1 expression in the cancerous cells, which in turn enhances

bacterial binding. The fadA-deletion mutant US1 did not induce

Annexin A1 expression because the amount of Annexin A1-positive

cells did not change over time. However, US1 also exhibited preferen-

tial binding to Annexin A1-positive cells (Fig 6B–D), indicating

Annexin A1 may mediate additional F. nucleatum component(s) to

bind to the cancer cells.

FadA and Annexin A1 co-express in colorectal tumors in mice and
humans

To examine the correlation between FadA and Annexin A1 in vivo, we

utilized the Apcmin/+ mice, which carry a mutation in one copy of the

tumor suppressor APC gene and develop spontaneous tumors in the

small intestine and colon. C57BL/6 Apcmin/+ mice inoculated with

wild-type F. nucleatum 12230 by oral gavage developed significantly

more tumors in the colon than those inoculated with PBS, E. coli

DH5a, or the fadA-deletion mutant US1 (Fig 7A), demonstrating a

driver role of FadA in tumorigenesis. In all groups, significantly higher

levels of ANXA1 mRNA were detected in the tumors compared to the

normal colonic tissues from the same mice, with the highest levels in

the tumors induced by wild-type F. nucleatum (Fig 7B). These obser-

vations were consistent with our findings that ANXA1 expression was

increased in the proliferating cancerous cells (Fig 3A and B) and that

FadA specifically induced ANXA1 expression in those cells (Figs 4

and 6). A positive correlation between fadA and ANXA1 was detected

in F. nucleatum-induced tumors, with a correlation coefficient of 0.43

(P = 0.01; Fig 7C).

Among CRC patients, higher levels of fadA gene copy numbers

and ANXA1 mRNA were detected in the tumors than in the adjacent

normal tissues by qPCR (Fig 7D and E), with a correlation coefficient

of 0.62 (P < 0.01; Fig 7F). Immunofluorescent staining of paired

tumor and normal tissues confirmed this finding, with significantly

higher levels of FadA and Annexin A1 proteins detected in the

tumors. Co-localization of FadA and Annexin A1 was observed in the

tumors but not in the normal tissues (Fig 7G). Together, these results

support the role of FadA and Annexin A1 in colorectal tumorigenesis.

FadA modulates b-catenin signaling in cancerous cells via
Annexin A1

We have reported previously that binding of F. nucleatum to E-

cadherin on CRC cells activates b-catenin signaling leading to over-

expression of oncogenes such as Cyclin D1 (CCND1) [12]. When

ANXA1 was knocked down by siRNA, F. nucleatum-mediated acti-

vation of b-catenin expression was abolished in the cancerous 10C,

HCT116, and DLD1 cells (Fig 8A). Nuclear translocation of b-
catenin in 10C was also inhibited (Fig 8B). These data suggest

Annexin A1 is required for activation of Wnt/b-catenin signaling.

In 10C and HCT116 cells, Cyclin D1 gene expression also exhib-

ited cell-density dependence, significantly higher in the non-

confluent than confluent state, consistent with ANXA1 expression

(compare Figs 3A and 8C). In contrast, no expression difference

was detected in the RKO cells where ANXA1 was nearly unde-

tectable (compare Figs 3A and 8C). However, when ANXA1 was

transfected into the RKO cells, Cyclin D1 expression was increased,

indicating a driving role of Annexin A1 in oncogene expression

(Fig 8D). These observations support the role of Annexin A1 in

modulating b-catenin signaling.

◀ Figure 3. Annexin A1 is a novel CRC growth factor selectively expressed in proliferating cancerous colorectal cells.

A Real-time qPCR analysis of ANXA1 expression using mRNA extracted from the non-cancerous SB, cancerous 10C, and human CRC cell lines HCT116, DLD1, and RKO,
each grown to 50 or 100% confluency. All results were normalized to the ANXA1 mRNA levels in SB cells of 100% confluency, which was designated as 1. Data are
mean values � SEM. The experiment was performed in triplicates and repeated twice. **P < 0.01 and ***P < 0.001 (Student’s t-test).

B Confocal microscopy analysis of SB and 10C cells grown to 20% (top panels) or 100% (bottom panels) confluency followed by immunofluorescence staining of
Annexin A1 (green). The nuclei were stained with DAPI (blue). A series of 20–50 consecutive images in the z-axis were stacked together to generate the 3D figure at
400× magnification. Annexin A1 is most abundantly expressed on the outer layer of 20% confluent 10C (also see Movie EV1), compared to 100% confluent 10C, or SB
of either confluency. Scale bars, x = 1 lm, y = 1 lm, z = 1.6 lm. The experiment was repeated at least twice.

C Cell proliferation assay of adenoma-derived non-cancerous SB and cancerous 10C and human CRC cell lines HCT116, DLD1, SW480, HT29, and RKO either untreated
(black lines) or following treatment with control siRNA (gray lines) or ANXA1-specific siRNA (green lines). Data are mean values � SEM. The experiment was
performed in triplicates and repeated three times. *P < 0.05, **P < 0.01, and ***P < 0.001, compared to the untreated cells (two-way ANOVA).

D Cell proliferation assay of SB (left panel) and RKO (right panel) cells transfected with ANXA1 (red line), as compared to the control cells (black lines). Data are mean
values � SEM. The experiment was performed in triplicates and repeated three times. *P < 0.05, **P < 0.01, and ***P < 0.001 (two-way ANOVA).

E Xenografted tumor growth in nude mice following subcutaneous and bilateral inoculation of HCT116 cells transfected with control siRNA or ANXA1-specific siRNA
(n = 4). The tumor volumes were measured after 7 days postinjection (left panel). For each mouse, the tumor resulting from ANXA1-specific siRNA-treated cells was
normalized to that from control siRNA-treated cells, which was designated 100%. The line represents the average. *P < 0.05 (paired t-test). The individual tumor
pairs are shown on the right panel: top, tumors arising from control siRNA-treated cells; bottom, tumors arising from ANXA1-specific siRNA-treated cells.
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Figure 4. FadA induces Annexin A1 expression through E-cadherin.

A Real-time qPCR analysis of ANXA1 mRNA levels in SB, 10C, HCT116, and DLD1 cells incubated with wild-type F. nucleatum 12230 (Fn) or fadA-deletion mutant US1
(US1) at MOI of 50:1 for the indicated time periods. The results were normalized to those obtained with untreated cells and were the mean of three independent
experiments each performed in triplicates. Data are mean values � SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 (two-way ANOVA).

B Flow cytometry analysis of Annexin A1 expression in 10C cells either untreated, or incubated with BSA (1,000 lg/ml), or mFadA (1,000 lg/ml), or FadAc (100, 300, or
1,000 lg/ml) for 1 h. Data are mean values � SD. The experiment was performed in triplicates and repeated more than three times. ***P < 0.001 (one-way ANOVA).

C Flow cytometry analysis of Annexin A1 in 10C cells transfected with control siRNA (dotted black line) or CDH1-specific siRNA (dotted red line) followed by no
treatment (untreated), or incubation with BSA (1,000 lg/ml) or FadAc (1,000 lg/ml) for 1 h. Data are mean values � SD. The experiment was performed in triplicates
and repeated twice. ***P < 0.001 (two-way ANOVA).

D Confocal microscopy analysis of SB and 10C cells either untreated or following incubation with CFSE-labeled F. nucleatum 12230 (Fn) for 1 h at MOI of 5:1. Annexin
A1 was stained green and E-cadherin blue. Imagines are 800× magnification. Note the enhanced expression of Annexin A1 in 10C compared to SB and its location on
the outer layer of the cell mass. The experiment was repeated three times. Scale bar, 250 nm.
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Figure 5. FadA, E-cadherin, Annexin A1, and b-catenin form a complex in cancerous cells.

A Western blot analysis of FadA, E-cadherin (CDH1), Annexin A1 (ANXA1), and b-catenin in DLD1 cells following incubation with FadAc for 15 or 120 min. C, untreated
cells. b-Actin was included as an internal control. The experiment was repeated three times.

B Co-immunoprecipitation with Annexin A1. DLD1 cell lysates were incubated with FadAc for 15 or 120 min and then mixed with agarose beads conjugated with rabbit
anti-Annexin A1 polyclonal antibody (a-Annexin A1) or control rabbit IgG. FadA, E-cadherin (CDH1), Annexin A1 (ANXA1), and b-catenin in the eluates were detected
by Western blot. C, untreated control. The experiment was repeated three times.

C Co-immunoprecipitation with FadA. DLD1 cell lysates were incubated with FadAc for 15 or 120 min and then mixed with agarose beads conjugated with mouse anti-
FadA monoclonal antibody (a-FadA) or control mouse IgG. FadA, E-cadherin (CDH1), Annexin A1 (ANXA1), and b-catenin in the eluates were detected by Western blot.
The experiment was repeated three times.

D Confocal microscopy analysis of 10C cells either untreated (top panel) or following incubation with CFSE-labeled F. nucleatum 12230 (red, bottom panel) for 3 h and
then immunofluorescent-stained for Annexin A1 (green) and E-cadherin (blue). Images are 1,200× magnification. A side view of the enlarged image is shown on the
far right. Note the enhanced expression of Annexin A1 in the F. nucleatum-bound cells and the co-localization of Annexin A1, E-cadherin, and F. nucleatum on the cell
membranes (arrows). The experiment was repeated more than three times. Scale bar, 500 nm.

E Confocal microscopy analysis of 10C cells following incubation with Alexa FluorTM 488-conjugated BSA, mFadA, or FadAc (red) for 1 h followed by immunostaining of Annexin
A1 (green) and E-cadherin (blue). Images are 1,200×magnification. Note the enhanced expression of Annexin A1 and its co-localization with E-cadherin in the presence of
FadAc (arrows), but not with BSA or mFadA. The experiment was repeated twice. The side views are shown to the right and bottom of each image. Scale bar, 500 nm.

Source data are available online for this figure.
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Discussion

In this study, we elucidate the fundamental mechanistic difference

between F. nucleatum interaction with the cancerous and non-

cancerous cells. F. nucleatum preferentially binds to the cancerous

cells, aided by Annexin A1, which is specifically expressed in prolif-

erating CRC cells. This is consistent with our previous report that,

although F. nucleatum is detected in both colorectal adenoma and

adenocarcinoma tissues, the fadA gene levels are significantly

higher in the latter than the former [12]. Whereas F. nucleatum may

not alter pre-cancerous cells to cancer, once the benign cells become

cancerous, they express elevated levels of Annexin A1, through

which F. nucleatum activates the Wnt/b-catenin signaling and stim-

ulates growth. Based on these results, we propose a “two-hit” model

in colorectal carcinogeneis (Fig 9), with the accumulation of host

driver mutation(s), e.g., increased expression of Annexin A1,

A B

C D

Figure 6. Positive feedback loop between FadA and Annexin A1.

A–D Flow cytometry analysis of SB (A), 10C (B), DLD1 (C), and HCT116 (D) cells incubated with CFSE-labeled F. nucleatum 12230 (Fn) or its fadA-deletion mutant US1
(US1) at MOI of 10–20:1 for the indicated time and immunostained with anti-Annexin A1 antibodies. Shown on the top panels are the density plots. x-axis, CFSE-
labeled F. nucleatum or US1 (CFSE-Fn); y-axis, Annexin A1 (ANXA1). Shown on the bottom panels are the percentages of Annexin A1-positive (solid bars) or negative
(clear bars) cells bound by F. nucleatum or US1 out of the total number of cells analyzed. Data are mean values � SD. The experiments were performed in
triplicates and repeated 2–3 times. *P < 0.05, **P < 0.01, ***P < 0.001 (two-way ANOVA).
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Figure 7. FadA and Annexin A1 co-express in colorectal tumors in mice and humans.

A Colorectal tumors generated in Apcmin/+ mice following treatment with PBS, E. coli DH5a (E. coli), fadA-deletion mutant US1 (US1), or F. nucleatum 12230 (Fn). Each
symbol represents one mouse. Horizontal lines represent mean values. Representative tumors formed in the mouse colon are shown on the right, pointed by blue
arrows. *P < 0.05, **P < 0.01 (one-way ANOVA).

B ANXA1 mRNA levels in Apcmin/+ mouse paired normal colonic and tumor tissues as measured by real-time qPCR. Each symbol represents one mouse. Horizontal lines
represent mean values. *P < 0.05, **P < 0.01) (two-way ANOVA).

C Positive correlation between fadA gene copy numbers (x-axis) and ANXA1 mRNA levels (y-axis) in F. nucleatum-induced Apcmin/+ mouse colonic tumors (n = 34;
Pearson’s correlation r = 0.43, P = 0.01). Each dot represents the average of qPCR results performed in duplicates.

D Abundance of fadA in the paired normal and adenocarcinoma tissues from human CRC patients (n = 18) expressed as ratio of fadA over total 16S rRNA genes
determined by qPCR. Each symbol shows the average of duplicate qPCR results from one patient. Horizontal lines represent mean values. **P < 0.01 (paired t-test).

E ANXA1 mRNA levels in paired normal and adenocarcinoma tissues from CRC patients (n = 18). Each symbol shows the average of duplicate qPCR results from one
patient. Horizontal lines represent mean values. **P < 0.01 (paired t-test).

F Positive correlation between fadA gene copy numbers (x-axis) and ANXA1 mRNA levels (y-axis) in human colorectal adenocarcinoma tissues (n = 18; Pearson’s
correlation r = 0.62, P < 0.01). Each dot represents the average of qPCR results performed in duplicates.

G Confocal microscopy analysis of paired normal and carcinoma tissues from two colon cancer patients. The frozen sections were incubated with rabbit anti-Annexin
A1 polyclonal antibodies and 5G11 mouse anti-FadA monoclonal antibodies. The slides were then stained with Alexa Fluor ®680-conjugated donkey anti-rabbit and
Alexa Fluor® 555-conjugated goat anti-mouse, washed, and covered in mounting medium containing DAPI. The scanning confocal microscopy mages were taken with
a Nikon Ti Eclipse inverted microscope at 200× magnification for the normal tissues and 400× for the carcinomas. Scale bar, 50 lm. Co-localization of FadA (red) and
Annexin A1 (green) was observed in carcinomas but not in the paired normal tissues. See Fig EV5 for isotype (rabbit and mouse IgG) controls.
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serving as the first “hit”, and microbes, e.g., F. nucleatum, as the

second “hit” to exacerbate cancer progression. This model extends

the well known “adenoma-carcinoma” model [38] identifying

microbes as facilitators for CRC.

In support of the “two-hit” model, previous studies have reported

microbes promoting cancer in predisposed hosts, i.e., after the “first

hit” has occurred. For instance, enterotoxigenic Bacteroides fragilis and

colibactin-producing E. coli are significantly enriched in the colonic

mucus of individuals with familial adenomatous polyposis (FAP), who

are prone to developing CRC. These two microorganisms collabora-

tively enhance early tumorigenesis and mortality in the Apcmin/+

mouse model [39]. Salmonella enterica serovar Typhi has been recog-

nized as a significant risk factor for gallbladder cancer. It induces

tumorigenesis in theApcmin/+mouse model andmalignant transforma-

tion in predisposed murine gallbladder organoids [40]. Although the

virulence factors involved and the affected host signaling pathways

may differ between the microbes and types of cancer, one commonality

of the reportedmicrobial-driven carcinogenesis is the predisposed host.

A

B

C D

Figure 8. Fusobacterium nucleatum activates b-catenin signaling via Annexin A1.

A Flow cytometry analysis of b-catenin expression in 10C, HCT116, and DLD1 cells transfected with control siRNA (clear bars) or ANXA1-specific siRNA (solid bars)
following incubation with F. nucleatum 12230 at MOI of ~20:1 for indicated time periods. The geometric means of cells treated with control siRNA at time 0 were
designated as 1. Data are mean values � SD. The experiment was performed in duplicates or triplicates and repeated 1–3 times. **P < 0.01, ***P < 0.001 (two-way
ANOVA).

B Immunostaining of b-catenin in 10C cells transfected with control siRNA or ANXA1-specific siRNA following incubation with F. nucleatum 12230 (Fn) at MOI of ~100:1
for 2 h. b-Catenin was stained with Alexa Fluor® 680 (red) and the nuclei with DAPI (blue). The images were captured with confocal microscope at 800×
magnification. -, no bacteria added. Note the increased expression of b-catenin and its nucleus translocation in response to F. nucleatum in control siRNA-treated
cells, but not in ANXA1 siRNA-treated cells. The experiment was repeated twice. Scale bar, 200 nm.

C Real-time qPCR analysis of CCND1 expression using mRNA extracted from the cancerous 10C, HCT116 and RKO, each grown to 50 or 100% confluency. Data
are mean values � SEM. The experiment was performed in triplicates and repeated twice. *P < 0.05, ***P < 0.001 (Student’s t-test).

D Western blot analysis of Cyclin D1, Annexin A1, and b-actin in RKO cells transfected with control vector or ANXA1. Induction of Cyclin D1 was observed in response to
transfection of Annexin A1. The experiment was repeated twice.

Source data are available online for this figure.
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In the case of F. nucleatum, stimulation of CRC is through an E-

cadherin-mediated, positive feedback loop of FadA and Annexin A1,

which is uniquely present in the cancerous cells, absent in the non-

cancerous cells. Increased expression of Annexin A1 in the prolifer-

ating cancer cells enhances F. nucleatum binding, which in turn

stimulates Annexin A1 expression and further enhances F. nuclea-

tum binding and activates b-catenin signaling. We speculate that

FadA binding to E-cadherin recruits Annexin A1 to the membrane to

form a more stable complex, which may reduce cytoplasmic content

of Annexin A1 thus stimulate compensatory overexpression of

Annexin A1.

Our study elucidates Annexin A1 as a previously unrecognized

modulator of Wnt/b-catenin signaling and a key growth factor of

CRC. It is also a novel biomarker for colon cancer recurrence, inde-

pendent of cancer stage, grade, age, and sex. Our study explains

why CRC complicated with F. nucleatum has worse prognosis.

Annexin A1 may be used in combination with cancer stage to

improve the prognostic stratification of colon cancer patients.

Approximately 75% of CRC are caused by mutations in the Wnt/b-
catenin pathway [41]. However, Wnt/b-catenin signaling is

involved in a broad spectrum of cellular functions. Due to such

complexity, so far no Wnt inhibitors have received FDA approval

for cancer treatment [42]. Similarly, E-cadherin, through which

F. nucleatum stimulates CRC [12], is also ubiquitous, rendering it

an unsuitable therapeutic target, either. In contrast, Annexin A1,

due to its selective expression in proliferating cancerous cells, is a

promising therapeutic target. Inhibition of Annexin A1 suppresses

b-catenin signaling in cancerous cells without affecting the non-

cancerous cells, thus may have less adverse “off-target” effects.

F. nucleatum causes chemo-resistance in CRC and promotes

metastasis [14,19], imposing a significant challenge to treatment.

Antibiotic treatment is not desirable due to the risk of affecting

the entire flora. A recent study indicates that Annexin A1

confers chemo-resistance in CRC [43]. It may be possible that

F. nucleatum induces chemo-resistance through activating

Annexin A1. Hence, Annexin A1 may be a target for overcoming

chemo-resistance.

In short, to the best of our knowledge, this is the first study

detailing the molecular mechanism of Annexin A1 in cancer and

its interaction with cancer-stimulating microorganism. Given the

broad implication of Wnt/b-catenin in cancer, and increasing

numbers of reports of F. nucleatum in different types of cancer,

Annexin A1 may be a novel therapeutic target for various

cancers implicated with F. nucleatum. In addition, although

Annexin A1 was identified through its interaction with F. nuclea-

tum, we have demonstrated that it is a CRC growth factor inde-

pendent of the microorganism. Its expression in other cancer

types has been detected (Fig EV1A). Future studies will examine

the role of Annexin A1 in different cancer types with or without

F. nucleatum. Finally, our results of the cell-density-dependent

expression of oncogenes suggest that subconfluent cells are

useful for studying cancer gene regulations.

Materials and Methods

Bacterial strains and cell cultures

E. coli DH5a was grown at 37°C in LB broth in air. Wild-type

F. nucleatum 12230 and its fadA-deletion mutant US1 were grown at

37°C in Columbia broth supplemented with 5 lg/ml hemin and 1 lg/
ml menadione under anaerobic condition. To prepare CFSE-labeled

F. nucleatum, the bacteria were incubated with 5-(and-6)-carboxy-

fluorescein diacetate succinimidyl ester (CFSE; Invitrogen, Grand

Island, NY), followed by enumeration on the blood agar plates. Cell

cultures AA/C1 (aka C1), AA/C1/SB (aka SB), AA/C1/SB/10C (aka

10C), HCT116, DLD1, SW480, HT29, RKO, PC-9, 22RV1, UMUC3,

and MCF-7 were maintained as previously described [12,32].

Plasmid construction and DNA/RNA transfections

Full-length ANXA1 was amplified by PCR using primers listed in

Table EV1 and cloned in to pcDNATM3.1 (+) Mammalian Expression

Vector. Plasmid transfection was performed using Lipofectamine

2000 (Invitrogen, CA) following the manufacturer’s instructions.

Control siRNA, ANXA1-specific siRNA, and CDH1-specific siRNA

were purchased from Invitrogen. Transfection of siRNA was

performed using Lipofectamine RNAiMAX (Invitrogen) following

the manufacturer’s instructions.

Figure 9. A “two-hit” model for CRC progression stimulated by
F. nucleatum.

In non-cancerous cells (top panel), there is low level of Annexin A1 (ANXA1) and
weak binding of FadA to E-cadherin (CDH1). In cancerous cells (bottom panel),
Annexin A1 level increases, FadA binding enhances, FadA–E-cadherin–Annexin
A1–b-catenin complex forms, b-catenin is activated, resulting in acceleration of
cancer progression. CM, cell membrane.
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Protein purification and conjugation

FadAc and mFadA were purified as previously described [22]. To

conjugate, FadAc, mFadA, and BSA (MP Biomedicals, Santa Ana,

CA) were mixed with Alexa FluorTM 488 tetrafluorophenyl (TFP)

ester (Invitrogen). Following reaction, unconjugated Alexa FluorTM

488 TFP was removed using the PD-10 Desalting Column (GE

Healthcare Life Sciences, Buckinghamshire, UK). The amount of

labeled protein was quantified using a spectrophotometer (Nano-

Drop Technologies, Wilmington, DE).

Cell proliferation assay

Cells were seeded in 24-well plates and were untreated or incubated

with bacteria at an MOI 1,000:1. The media were replaced, and fresh

bacteria were added every 48 h. Cells were trypsinized, and cell

numbers were counted using a hemocytometer as previously

described [12]. Each experiment was performed in triplicate and

repeated at least three times.

Cell culture attachment and invasion assay

The assay was performed as previously described [44]. Briefly, host

cells were seeded in 24-well plates and allowed to grow till 80%

confluent. The bacteria were then added at an MOI 50:1 followed by

incubation for 1 h. Following washes with PBS and lysis with water,

serial dilutions of the lysates were plated onto blood agar plates to

enumerate the viable bacterial counts. For the invasion assay, bacte-

ria were incubated with the host cells for 3 h followed by treatment

with 300 lg/ml gentamicin and 200 lg/ml metronidazole for 1 h.

After washes with PBS, the cells were lysed with water and intracel-

lular bacterial counts were determined as described above. The

levels of attachment and invasion were expressed as the percentage

of bacteria recovered following cell lysis relative to the total number

of bacteria initially added. Each experiment was performed in tripli-

cate and repeated at least three times.

Flow cytometry

Cells were incubated with F. nucleatum or purified FadA for indicated

time periods. After washing with PBS, the cells were collected and fixed

with 75% cold ethanol. The cells were blocked with 2% skim milk

followed by incubation with rabbit anti-Annexin A1 polyclonal IgG

(Invitrogen), or rabbit anti-b-catenin polyclonal IgG (Invitrogen), or

rabbit IgG isotype control (Invitrogen). The cells were then incubated

with Alexa Fluor� 700-conjugated goat anti-rabbit IgG (Invitrogen), and

the flow cytometric data were acquired by a BD LSR II flow cytometer

and analyzed using FlowJo software (Tree Star, San Carlos, CA).

Clinical specimens

This study was approved by the Internal Review Board of Columbia

University. A total of 18 CRC cases were retrieved from files at the

Department of Pathology at Columbia University Medical Center.

Hematoxylin and eosin (H&E) slides were reviewed to confirm the

presence of colorectal adenocarcinoma. Frozen sections of the

paired tumor and normal tissues were obtained for DNA/RNA

extraction and immunofluorescent staining.

DNA and RNA extraction and real-time quantitative PCR (qPCR)

RNA was extracted from cultured cells using QIAGEN RNeasy Mini

Kit. All Prep DNA/RNA Mini Kit was used to extract DNA and RNA

from normal and tumor tissues from mice and clinical specimens.

DNA and RNA concentrations were measured using NanoDrop ND

1000 spectrophotometer. Reverse transcription was performed using

Superscript IV First-Strand Synthesis System (Invitrogen) following

the manufacturer’s instructions. Real-time qPCR was performed in

StepOnePlus (Applied Biosystems, CA) in duplicates using primers

listed in Table EV1. To quantify gene copies, standard curves using

plasmids carrying 16S rRNA gene or fadA gene were generated. For

RNA, data were analyzed using the 2(�DDCt) method [45] and

normalized to the b-actin control.

Immunofluorescent staining

Cells seeded into Nunc Lab-Tek II Chamber Slide System (Thermo

Fisher Scientific, Waltham, MA) were incubated with CFSE-labeled

F. nucleatum or Alexa FluorTM 488-conjugated FadAc, mFadA, and

BSA for indicated time periods. Following washes, the cells were

fixed with 4% paraformaldehyde. After blocking with 2% skim milk

and 0.3% Triton X-100, the cells were incubated with goat anti-

human E-cadherin polyclonal antibodies (R&D Systems, MN) and

rabbit anti-Annexin A1 polyclonal antibodies (Invitrogen) or rabbit

anti-b-catenin polyclonal IgG (Invitrogen). After washing, the cells

were incubated with Cy3-conjugated donkey anti-goat IgG (Jackson

ImmunoResearch, West Grove, PA) and Alexa Fluor� 680-conju-

gated donkey anti-rabbit IgG (Invitrogen), washed, and covered in

mounting medium containing DAPI (Vector Laboratories, Burlin-

game, CA). The samples were visualized with a Nikon Ti Eclipse

inverted microscope for scanning confocal microscopy.

For immunofluorescent staining of human colonic specimens,

frozen sections of the paired tumor and normal tissues were fixed in

4% paraformaldehyde for 15 min, and permeabilized using 0.1%

Triton X-100 in PBS followed by blocking of non-specific binding.

The slides were then incubated with rabbit anti-Annexin A1 poly-

clonal antibodies (Thermo Fisher Scientific) and mouse anti-FadA

monoclonal antibody 5G11 [22], or with isotype controls of rabbit

IgG (Invitrogen) and mouse IgG (R&D Systems, Minneapolis, MN).

After washes, the slides were incubated with Alexa Fluor� 680-

conjugated donkey anti-rabbit (Invitrogen) and Alexa Fluor� 555-

conjugated goat anti-mouse (Invitrogen), washed, and covered in

mounting medium containing DAPI. The slides were visualized as

above.

Western-blot analysis

RKO cells transfected with ANXA1 expression vector or expression

vector alone were seeded in 6-well plates and grown for 2 days. The

cells were washed with ice-cold PBS and lysed with RIPA lysis

buffer (EMD Millipore, Burlington, MA) containing HaltTM Protease

and Phosphatase Inhibitor Single-Use Cocktail (Thermo Fisher

Scientific). The cell lysates were centrifuged at 13,000 × g for

10 min at 4°C, and the protein concentration was measured using

the BCA Protein Assay Kit (Thermo Fisher Scientific) according to

the manufacturer’s instructions. One microgram of total proteins

was separated by NuPAGETM 4-12% Bis-Tris Gel (Thermo Fisher
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Scientific) and transferred onto PVDF membranes (Bio-Rad,

Hercules, CA). The membrane was blocked with 5% skim milk in

TBS containing 0.1% Tween-20 (TBST) at room temperature for 1 h

followed by incubation with antibodies against Annexin A1

(Thermo Fisher Scientific, 71-3400, 1:4,000 dilution), Cyclin D1

(Thermo Fisher, Cat No 701421, 1:250 dilution), b-catenin (Thermo

Fisher Scientific, 71-2700, 1:2,000 dilution), or b-actin (Abcam,

ab6276, 1:4,000 dilution) in 0.5% skim milk in TBST at 4°C over-

night. After washing three times with TBST, the membrane was

incubated with HRP-conjugated secondary antibody in TBST at

room temperature for 1 h. The immune reactive bands were

detected with ECL Western Blotting Substrate (Thermo Fisher Scien-

tific).

Co-immunoprecipitation

DLD1 cells were incubated with 1 mg/ml of FadAc for 0, 15, and

120 min, respectively. Rabbit anti-Annexin A1 antibody (Thermo

Fisher Scientific), mouse anti-FadA antibody 5G11 [22], rabbit IgG,

or mouse IgG were bound covalently to the agarose resins using the

Pierce Co-Immunoprecipitation Kit (Thermo Fisher Scientific)

following the manufacturer’s instructions. The cells were lysed and

mixed with the antibody-coupled resins and incubated for 2 h at

room temperature. Following washes, the complex bound to the

antibodies was eluted and examined by Western blot analysis as

described above. Following electrophoresis and transfer, the PVDF

membranes were incubated with rabbit anti-Annexin A1 polyclonal

antibodies (Thermo Fisher Scientific), mouse anti-FadA monoclonal

antibodies 7H7, rabbit anti-E-cadherin monoclonal antibodies (Cell

Signaling Technology), mouse anti-b-actin monoclonal antibodies

(Cell Signaling Technology), or rabbit anti-b-catenin polyclonal anti-

bodies (Thermo Fisher Scientific). After washes, the membranes

were incubated with HRP-conjugated goat anti-rabbit IgG antibodies

(Bio-Rad) or Poly-HRP-conjugated goat anti-mouse IgG antibodies

(Thermo Fisher Scientific). The membranes were washed and incu-

bated with SuperSignal West Pico Chemiluminescent Substrate

(Thermo Fisher Scientific) and the bands were detected using

ChemiDoc MP Imaging System (Bio-Rad).

Apcmin/+ mouse model

The animal protocol was approved by the Columbia University Insti-

tutional Animal Care and Use Committee (New York, NY). All mice

were kept in sterilized filtered-topped cages in a room with 12-h light

cycle, fed autoclaved food and water ad libitum, and handled in a

laminar flow hood. Prior to bacterial inoculation, the mice (both male

and female) were provided with antibiotic-supplemented drinking

water for 2 weeks. Bacteria cultures were re-suspended in PBS to an

estimated density of 2 × 1010 CFU/ml. An aliquot of 50 ll of the

bacterial suspension was gavaged three times a week for 8 weeks. At

the end of the treatment, animals were sacrificed and the tumors in

the colon were counted. Tumors and normal intestinal tissues were

collected for histological analysis and extraction of DNA and RNA.

Tumor xenografts

Four-week-old female nude mice were purchased from Taconic Bios-

ciences (NY, USA). An inoculum of 1 × 107 HCT116 or DLD1 cells

treated with either control or ANXA1-specific siRNA was injected

subcutaneously and bilaterally into the nude mice, with control cells

injected on the left side and ANXA1-knockdown cells on the right

side. After 7–9 days, the tumor length and width were measured

using calipers and tumor volumes were calculated using the following

formula: Volume = (width)2 × length/2. The results are expressed as

percentage of the size of the control siRNA-transfected tumor.

Statistical analysis

The differences between groups were examined by two-tailed t-test,

and one-way or two-way ANOVA followed by the Student–

Newman–Keuls (SNK) tests. P < 0.05 was considered statistically

significant.

Statistical analysis of associations between exposure to
F. nucleatum and up-regulation of ANXA1 mRNA expression levels
in colon cancer cell HT29

The relationship between exposure of colon cancer cells to

F. nucleatum and up-regulation of ANXA1 mRNA expression levels

was investigated in an RNA-sequencing (RNA-seq) dataset publicly

available from the NCBI-GEO online repository (GSE90944) and

containing global gene-expression measurements from HT29 cells,

both at baseline and following infection with F. nucleatum, in tripli-

cates [14]. The distribution of ANXA1 mRNA expression levels in

the two sample groups (baseline versus infected) was visualized

using boxplots, using the log2 of their TPM (transcripts per million)

expression values as a metric. Differences in mean log2 TPM values

between HT29 cells at baseline (n = 3) and following incubation

with F. nucleatum (n = 3) were tested for statistical significance

using a two-tailed t-test for continuous variables.

Statistical analysis of associations between ANXA1 expression
levels and survival outcomes in colon cancer patients

The relationship between ANXA1 mRNA expression levels and

disease-free survival (DFS) was investigated in a database of 466

primary colon carcinomas, assembled by pooling four independent

gene-expression microarray datasets downloaded from the NCBI-

GEO online repository (GSE14333, GSE17538, GSE31595,

GSE37892), as previously described [34]. To evaluate whether dif-

ferences in ANXA1 mRNA expression levels between different

tumor samples might have been grossly distorted by differences in

each sample’s relative content of epithelial cells (i.e., tumor cell

density), ANXA1 mRNA expression levels (Affymetrix probe:

201012_at) were plotted against those of an epithelial-specific refer-

ence marker, such as DSP (Desmoplakin; Affymetrix probe:

200606_at), and visually inspected to exclude meaningful correla-

tions. The association between ANXA1 mRNA expression levels and

DFS was visualized using Kaplan–Meier survival curves, after

patient stratification in groups with high, medium and low ANXA1

expression levels, using three different methods: (i) based on the

median of ANXA1 expression levels (bottom 50% versus top 50%);

(ii) based on the quartile distribution of ANXA1 expression levels

(bottom 25% versus middle 50% versus top 25%); and (iii) based

on ANXA1 expression thresholds calculated using the StepMiner

algorithm (low versus high), and adopting as definition of the
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boundary between low and high levels, the log2 value of ANXA1

normalized expression levels corresponding to StepMiner + 0.5, as

previously described [35,36]. Differences in survival rates between

patient subgroups were tested for statistical significance using the

log-rank test. The association between high levels of ANXA1 mRNA

expression and increased risk of recurrence was also tested using

univariate and multivariate analyses based on the Cox proportional

hazards method, in which ANXA1 mRNA expression levels were

modeled as a continuous variable. The analyses were first

conducted across the whole database (n = 466) and subsequently in

the subset of patients that were also annotated with the pathological

grading of the respective tumors (n = 216), as previously described

[34]. The multivariate analysis was aimed at excluding possible

confounding effects from clinical stage, pathological grade, age, or

sex. Hazard ratios (HRs) were tested for statistical significance (null

hypothesis: HR=1) using the Wald test.

Expanded View for this article is available online.
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