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SUMMARY

Fusobacterium nucleatum (Fn) is primarily colonized in the oral cavity. Recently,
Fn has been closely associated with the tumorigenesis of colorectal cancer
(CRC). Here, we showed that the relative level of Fn DNA was increased in the
saliva of the CRC group compared with the normal colonoscopy, hyperplastic
polyp, and adenoma groups. Receiver operating characteristic curve analysis
illustrated that Fn DNA was superior to carcinoembryonic antigen and carbohy-
drate antigen 19-9 in CRC diagnosis. Moreover, levels of Fn DNA were associated
with the overall survival and disease-free survival of CRC patients, which was an
independent factor for prognostic prediction. Transcriptome sequencing identi-
fied 1,287 differentially expressed mRNAs in tumor tissues between CRC pa-
tients with high-Fn and low-Fn infection. Kyoto encyclopedia of genes and ge-
nomes analysis showed that ECM-receptor interaction and focal adhesion were
the top two significant pathways. Overall, salivary Fn DNA may be a noninvasive
diagnostic and prognostic biomarker for CRC patients.

INTRODUCTION

Colorectal cancer (CRC) ranks fourth in terms of incidence, and it is also the second leading cause of cancer-
related deaths worldwide (Bray et al., 2018). CRC is usually diagnosed at advanced stages because of the
late appearance of symptoms, and thus it lacks an effective treatment option, leading to a poor prognosis
(Kanth and Inadomi, 2021). Diagnostic strategies currently available for CRC patients rely more on colonos-
copy, an invasive, uncomfortable, and potentially harmful procedure, and some heterogeneous tumors can
be neglected by such procedure (Ladabaum et al., 2020; Longstreth et al., 2020). The traditional serum tu-
mor biomarkers, such as carcinoembryonic antigen (CEA), carbohydrate antigen (CA) 19-9, and so on, have
limited sensitivity and specificity, leading to false negative or overdiagnosis (Rao et al., 2021). Meanwhile,
some patients detected at an early stage often suffer consequent overtreatment or do not receive timely
treatment, resulting in shortened overall survival (OS) because of no reliable factors for its prognostic pre-
diction (Quasar Collaborative Group, 2007; Sinicrope et al., 2021). Therefore, it is urgently necessary to
identify noninvasive markers to improve the early diagnosis and prognostic prediction of CRC.

As a gram-negative, nonspore-forming anaerobic bacterial strain, F. nucleatum (Fn) has species-specific
reservoirs in the human oral cavity and gastrointestinal tract (Cho and Blaser, 2012; Signat et al., 2011).
Fnis firstidentified as an adhesive and symbiotic bacterial strain, which is well-known as a periodontal path-
ogen (Lamont et al., 2018). Subsequently, whole-genome sequencing and transcriptome sequencing ana-
lyses provided the earliest evidence that Fn is enriched in CRC tissues (Castellarin et al., 2012). In recent
years, increasing evidence indicates that Fn plays an important role in the carcinogenesis of CRC. For
example, Fn has been shown to increase the proliferation and invasive capabilities of CRC cells by acti-
vating TLR4 signaling to NF-kB (Yang et al., 2017). Moreover, Fn even can promote the development of
colonic neoplasia under the treatment of some chemotherapeutic drugs by inducing autophagy (Yu
etal., 2017). Some oncogenic microRNAs are abnormally increased in CRC with infection of Fn, indicating
they play a crucial role in Fn induced CRC (Feng et al., 2019; Guo et al., 2020; Yang et al., 2017; Yu et al.,
2017). Several studies demonstrate that Fn functions as an inhibitor of antitumor T cell-mediated adaptive
immunity in the CRC microenvironment (Borowsky et al., 2021; Mima et al., 2015). It has also been reported
that Fn may encode virulence factors, such as FadA, Fap2, and MORN2 proteins, to induce CRC develop-
ment (Ranjbar et al., 2021). Consistent with these lines of experimental evidence, clinical studies demon-
strate that the abundance of Fn in CRC tissues is significantly increased compared with the adjacent normal
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Figure 1. The expression and evaluation of six reference genes in saliva samples among HC, HP, Ad, and CRC
patients.

tissues, and a high prevalence of Fn is associated with advanced stage, metastasis, recurrence, and short
OS of CRC patients (Eisele et al., 2021; Mima et al., 2016; Serna et al., 2020; Yamamoto et al., 2021).There-
fore, Fn, as a potential oncobacterium, may be helpful for the early detection and prognostic prediction of
CRC.

Given that Fn colonizing CRC tissues may originate from the oral cavity (Abed et al., 2020; Komiya et al.,
2019) and saliva is easy to acquire with noninvasive and painless approaches, we developed a multiplex
quantitative real-time PCR (gPCR) method to detect the levels of Fn DNA (NusG) and human reference
genes in saliva. Moreover, the relative levels of salivary Fn DNA were evaluated in the training subjects
with normal colonoscopy (HC), hyperplastic polyp (HP), adenoma (Ad), and CRC. Finally, an independent
test set was used to validate its clinical significance, and the potential functional mechanism in vivo was also
explored. To the best of our knowledge, we, for the first time, reported that salivary Fn DNA could be used
as a biomarker for the diagnosis and prognosis of CRC.

RESULTS

Evaluation of the candidate reference genes in saliva

A total of 80 cases were randomly selected from the training cohort (n = 20 for each group) to evaluate the
expressions of candidate reference genes in saliva. Figure 1 shows that there were no significant differ-
ences in the expressions of GAPDH, RPPH1, NAGK, TERT, ERV-3, and SLC O 2A1 at the DNA level among
HC, HP, Ad, and CRC groups. Moreover, we employed NormFinder and geNorm algorithms to evaluate
the variable stability of candidate reference genes. Both the programs identified GAPDH as the most stably
expressed reference gene with the lowest stability scores, and the combination of GAPDH and TERT was
selected as the most stable pair for the evaluation of salivary DNA (Figure 1).

Levels of salivary Fn DNA in the training cohort

We developed a multiplex gPCR method for the simultaneous detection of Fn DNA and reference genes
(GAPDH and TERT) in saliva, and the standard curves showed good linearity between Cq values and the log
of sample concentrations (all R?>0.99; Figure 2A). The amplification efficiencies of Fn DNA, GAPDH, and
TERT were suitable. The relative level of Fn DNA was calculated as the ratio of Fn DNA (NusG gene) level to
the geometric mean of GAPDH and TERT levels. Figure 2B shows that there was a dramatic difference in the
level of salivary Fn DNA among HC, HP, Ad, and CRC patients in the training group. Moreover, the level of
Fn DNA was independent of age and sex (Table S1). Further post hoc multiple comparisons showed that
the level of salivary Fn DNA was extremely elevated in the CRC group compared with the HC, HP, and Ad
groups, and it was also increased in the Ad group compared with the HC and HP groups (Figure 2B). In CRC
patients, the level of salivary Fn DNA was increased with the increase of the TNM stage (Figure 2C).

Relationship between salivary Fn DNA and clinicopathologic characteristics in CRC patients

Table 1 shows that the level of salivary Fn DNA was significantly associated with tumor location, regional
lymph node metastasis, distant metastasis, and CA19-9 levels. No significant differences were observed
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Figure 2. Relative levels of salivary Fn DNA in subjects in the training cohort

(A) Standard curve for Fn DNA, GAPDH, and TERT amplifications. Standard curves were generated 10-fold serial dilutions of DNA from DNA samples
containing Fn DNA, GAPDH, and TERT. Efficiency of gPCR amplification is calculated from the slope of the standard curve.

(B) Comparison analysis of salivary Fn DNA levels among NC (n = 41), HP (n = 33), Ad (n = 43), and CRC (n = 207).

(C) Comparison analysis of salivary Fn DNA levels among CRC patients with different TNM stages. The relative level of Fn DNA was calculated as the ratio
of NusG gene level to the geometric mean of GAPDH and TERT levels. *p < 0.05, **p < 0.01, ***p < 0.001 (Mann-Whitney U test). Data represent the
median (IQR).

when CRC cases were stratified by age, gender, tumor size, tumor differentiation, local invasion, and CEA
levels. Moreover, CRC cases with regional lymph node metastasis, distant metastasis, and high CA19-9
levels showed increased levels of salivary Fn DNA.

Diagnostic performance of salivary Fn DNA for CRC

ROC analysis illustrated that salivary Fn DNA could be a potential biomarker for distinguishing CRC (n =
207) from others (n = 117) with an area under the curve (AUC) of 0.841 (95% CI (Cl) 0.797 t0 0.879) (Figure 3A).
When Youden'’s index reached a maximum value, the corresponding cutoff value of salivary Fn DNA was
0.437 for the diagnosis of CRC, achieving a sensitivity of 71.5% and a specificity of 82.1%.

To better evaluate the diagnostic performance of salivary Fn DNA, we also detected the serum levels of
CEA and CA19-9, the most commonly used noninvasive biomarkers for the diagnosis of CRC in clinical
practice. As expected, the serum levels of CEA and CA19-9 in CRC patients were significantly higher in
the CRC group compared with the HC, HP, and Ad groups (Table S1). However, the AUC values of CEA,
CA19-9, and their combination for the diagnosis of CRC were dramatically lower compared with Fn (Fig-
ure 3A). Besides, the AUC of the combination of Fn DNA, CEA, and CA19-9 was not significantly different
compared with salivary Fn DNA only (Figure 3A). When the combination of salivary Fn DNA, CEA, and
CA19-9 was used, the AUC was not significantly elevated compared with Fn alone. Table S2 shows the diag-
nostic performance characteristics of Fn DNA, CEA, and CA19-9 for CRC, such as sensitivity, specificity,
positive predictive value, and negative predictive value. More importantly, ROC analysis was performed
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Table 1. Associations between salivary Fn DNA levels and clinicopathologic characteristics

Parameters Case Levels of salivary Fn DNA?® p value®

Age 0.234
<63 102 1.343 (0.309-4.659)
> 63 (median) 105 1.266 (0.533-6.438)

Gender 0.567
Male 111 1.324 (0.294-5.134)
Female 96 1.327 (0.409-5.318)

Tumor location 0.017
Colon 95 1.828 (0.476-7.135)
Rectum 112 0.945 (0.327-3.538)

Tumor size 0.869
<4 cm 68 1.422 (0.341-3.995)
>4 cm 139 1.297 (0.337-5.584)

Differentiation 0.354
Well 45 3.021 (0.388-6.874)
Moderate 118 1.074 (0.342-3.959)
Poor 44 1.386 (0.217-7.743)

Local invasion 0.161
T1-T2 78 0.819 (0.236-5.179)
T3-T4 129 1.608 (0.475-5.197)

Regional lymph nodes metastasis <0.001
No 116 0.651 (0.270-1.504)
Yes 91 4.662 (1.329-10.180)

Distant metastasis <0.001
No 182 1.022 (0.299-4.055)
Yes 25 5.856 (2.654-14.110)

CEA levels 0.321
<5 ng/mL 161 1.266 (0.337-5.669)
>5ng/mL 46 1.360 (0.414-2.267)

C19-9 levels 0.025
<39 U/mL 185 1.181 (0.316-4.846)
>39 U/mL 22 2.693 (1.153-6.587)

°The data are shown as median (IQR).
ECompared with Mann-Whitney U test.

for CRC in the CEA-negative group or CA19-9-negative group, and the AUC for salivary Fn DNA was 0.823
(95% Cl, 0.773-0.866) and 0.831 (95% Cl, 0.784-0.871), respectively (Figures 3B and 3C). A similar situation
occurred in the group negative for both CEA and CA19-9, showing an AUC of 0.831 (95% ClI, 0.784-0.871,
Figure 3D).

Because the level of Fn DNA was increased in Ad patients, we assessed its diagnostic performance for Ad.
Figure 3E shows that Fn DNA only yielded an AUC of 0.672 (95% Cl, 0.579-0.756) when distinguishing
Ad (n = 43) from HP and NC (n = 74). Besides, there were no significant differences in the diagnosis of
Ad among Fn DNA, CEA, CA19-9, and their combination.

To examine the capacity of salivary Fn DNA to predict metastasis, CRC patients were classified into the
metastatic group (n = 91) and nonmetastatic group (n = 116). ROC analysis indicated the usefulness of sali-
vary Fn DNA as a predictive marker for metastasis in CRC, with an AUC of 0.763 (95% Cl, 0.699 to 0.819),
which was visibly larger compared with CEA and CA19-9 individually or their combination (Figure 3F).
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Figure 3. Diagnostic performance of Fn DNA, CEA, and CA19-9 in the training set

(A) ROC curve analysis for the detection of CRC.

(B) ROC curve analysis for the detection of CRC with CEA negative using Fn DNA.

(C) ROC curve analysis for the detection of CRC with CA19-9 negative using Fn DNA.

(D) ROC curve analysis for the detection of CRC with both CEA and CA19-9 negative using Fn DNA.
(E) ROC curve analysis for discriminating Ad from NC and HP.

(F) ROC curve analysis for discriminating metastatic CRC patients from nonmetastatic ones.

Correlation between salivary Fn DNA and CRC patients’ survival

Based on the aforementioned cutoff value (0.437) for the diagnosis of CRC, CRC patients were divided into
low-Fn and high-Fn DNA groups. Kaplan-Meier curves showed that patients with high levels of Fn DNA had
poorer OS and disease-free survival (DFS) than those with low levels of Fn DNA (Figures 4A and 4D). How-
ever, we observed that there were no significant differences in OS and DFS between patients who were
negative or positive for CEA and CA19-9 (Figures 4B, 4C, 4E, and 4F).

We further investigated the prognostic performance of Fn using the Cox proportional-hazards model. The
univariate Cox analyses revealed that the OS was significantly associated with lymph node metastasis,
distant metastasis, and Fn, whereas DFS was related to tumor location, lymph node metastasis, distant
metastasis, and Fn (Table 2). Multivariate Cox-regression analysis demonstrated that only Fn and lymph
node metastasis were the independent prognostic factors in CRC patients (Table 2).

Evaluation of salivary Fn DNA in the test cohort

Similar to the training cohort, the level of salivary Fn DNA in the CRC group were markedly higher compared
with the NC, HP, and Ad groups in the test cohort (p < 0.001), whereas no significant differences were observed
among NC, HP, and Ad groups (p > 0.05) (Figure 5A). The ROC curve also showed that salivary Fn DNA could
strongly discriminate against CRC from NC, HP, and Ad, with an AUC of 0.860 (95%IC 0.774-0.922) (Figure 5B).
Using a cutoff value of 0.437 obtained from the training set, the sensitivity, specificity, positive predictive value,
and negative predictive value for CRC in the test cohort were 86.7%, 67.2%, 54.2%, and 91.8%, respectively.

We tested whether the levels of Fn DNA in the saliva of CRC patients could reflect its expression in corre-
sponding tumor tissues. Figure 5C shows that the levels of salivary Fn DNA were significantly correlated
with their levels in tumor tissues (r > 0.5, p < 0.001). The positive rates of Fn DNA in saliva and tumor tissues
were 93.3% (28/30) and 76.7% (23/30), respectively. However, the positive rate in matched blood specimens
was only 3.3% (1/30).

Fn-associated transcriptomic profile in CRC tissues

To explore the molecular mechanism by which Fn might contribute to the development of CRC, RNA-Seq
was performed in 18 CRC tumor tissues collected from the test cohort. Among them, 10 cases demon-
strated high levels of Fn DNA, and eight cases showed low levels of Fn DNA in both saliva and tumor

iScience 25, 104203, May 20, 2022 5
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Figure 4. Survival analysis for salivary Fn DNA and traditional serum markers, CEA and CA19-9, in CRC patients

(A-F). Kaplan-Meier curves for OS in CRC patients stratified according to levels of salivary Fn DNA (A), CEA (B), or CA19-9(C); Kaplan-Meier curves for OS in
CRC patients stratified according to levels of salivary Fn DNA (D), CEA (E), or CA19-9(F); CRC patients were classified as high-Fn and low-Fn DNA subgroups
according to the cutoff value (0.109) or as CEA or CA19-9 negative and positive subgroups based on the standard cutoff values (5 ng/mL or 39 U/mL,

respectively).

tissues. Principal component analysis (PCA) was carried out on transcriptomic profiling using ggord to
investigate the distribution patterns in patients with high and low levels of Fn DNA. Figure 5D shows
that the high-Fn and low-Fn DNA groups were separated into two parts, and the transcriptomic expression
profile of CRC patients with high Fn infection was distinguished from those with low Fn infection.

A total of 1,287 differentially expressed mRNAs were identified between the high-Fn and low-Fn DNA
groups. Among them, 619 were upregulated and 668 were downregulated in the high-Fn group (Figure 5E).
KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway enrichment analyses identified 59 significant
pathways based on the differentially expressed genes (Table S3), of which ECM-receptor interaction and
focal adhesion were the top two significant biological functions. Moreover, Figure 5F presents the top
10 representative enriched KEGG pathways.

DISCUSSION

In the present study, we obtained several findings. First, we found that the levels of salivary Fn DNA were
significantly higher in CRC patients using a multiplex gPCR. Second, compared with traditional serum
tumor markers, salivary Fn DNA was a more appropriate biomarker for the diagnosis and prognostic pre-
diction of CRC. Third, salivary Fn DNA could reflect its infection status in CRC tissue and might contribute
to the development of CRC through ECM-receptor interaction and focal adhesion pathways.

It has become increasingly clear that the abundance of intratumoral Fn is associated with the pathogenesis of
CRC (Huang et al., 2020; Wang et al., 2021). Fn DNA is predominantly found in CRC tissues while not in adjacent
normal tissues, especially in advanced tumors (Yang et al., 2017). Several studies have also shown that Fn DNA is
more frequently detected in the feces of CRC patients compared with healthy controls (Liang et al., 2021; Zhang
et al., 2019). Consistent with those findings, our data from both the training and test cohorts showed that the
level of Fn DNA was significantly increased in the saliva of CRC patients. Notably, elevated levels of salivary
Fn DNA were also observed in patients with colorectal adenoma. This finding might be attributed to the fact
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Table 2. COX analysis of prognostic factors predicting disease free survival and overall survival in CRC patients

Univariate analysis Multivariate analysis

Parameters HR (95%IC) p value  HR (95%IC) p value
Disease free survival

Gender (Male VS Female) 0.958 (0.633-1.449)  0.838

Age (<63 years VS > 63 years) 0.799 (0.527-1.210) 0.289

Location (rectal VS colon) 1.391(0.920-2.103)  0.118

Differentiation (Well VS Moderate VS Poor) 0.839 (0.609-1.156)  0.284

Tumor size (<4 cm VS >4 cm) 1.425 (0.893-2.273) 0.138

T stage (T1+T2 VS T3+T4) 1.509 (0.965-2.359)  0.071

Lymph nodes metastasis (Negative VS 2.929 (1.907-4.499) <0.001 2.444 (1.537-3.886) <0.001

Positive)

Distant metastasis (Negative VS Positive) 2.780 (1.630-4.740) <0.001 1.237 (0.695-2.203) 0.469

CEA (Negative VS Positive) 1.501 (0.946-2.381)  0.085

CA19-9(Negative VS Positive) 1.557 (0.846-2.864)  0.155

Fn (Negative VS Positive) 4.301(2.225-8.312)  <0.001 3.648 (1.867-7.129)  <0.001
Overall survival

Gender (Male VS Female) 0.895 (0.602-1.330) 0.582

Age (<63 years VS > 63 years) 0.958 (0.644-1.423)  0.830

Location (rectal VS colon) 1.539 (1.035-2.288)  0.033 1.438 (0.965-2.144)  0.075

Differentiation (Well VS Moderate VS Poor) 0.904 (0.662-1.236)  0.529

Tumor size (<4 cm VS >4 cm) 1.092 (0.711-1.679) 0.687

T stage (T1+T2 VS T3+T4) 1.378 (0.903-2.102)  0.137

Lymph nodes metastasis (Negative VS 3.295 (2.168-5.007) <0.001 2.805 (1.785-4.406) <0.001

Positive)

Distant metastasis (Negative VS Positive) 2.942 (1.794-4.826) <0.001 1.155 (0.675-1.977) 0.599

CEA (Negative VS Positive) 1.102 (0.691-1.758) 0.684

CA19-9 (Negative VS Positive) 1.682 (0.954-2.966)  0.072

Fn (Negative VS Positive) 4.788 (2.486-9.221)  <0.001 4.001 (2.055-7.792)  <0.001

HR, Hazard ratio; Cl, Confidence interval.

that Fn infection is an early event in CRC development, and its influence can be observed throughout all stages
of colorectal neoplasia development in normal-adenoma-carcinoma sequence (Flanagan et al., 2014; Nakatsu
etal., 2015). Therefore, it would be helpful for screening early-stage lesions of CRC with noninvasive detection of
this bacterial strain. Therefore, we hypothesized that salivary Fn might serve as a potential noninvasive
biomarker for the early detection of CRC.

At present, CEA and CA19-9 are the most commonly used noninvasive tumor markers for CRC in clinical prac-
tice. However, both of them show limited diagnostic capability. We found that the sensitivities of CEA and
CA19-9 were only 22.2 and 10.1%, respectively, and their AUCs were less than 0.7 in distinguishing CRC from
others. When at a similar specificity, salivary Fn DNA presented an improved sensitivity, which was associated
with a markedly larger AUC. In addition, Fn DNA had an equivalent diagnostic capacity in CEA-negative or
CA19-9-negative individuals. These findings indicated the great significance of salivary Fn DNA for the diag-
nosis of CRC even when conventional markers are negative, leading to an accurate diagnosis of CRC.

In the present study, CRC patients with a high abundance of salivary Fn were associated with regional
lymph node metastasis and distant metastasis, which represent a more biologically aggressive cancer sub-
type. ROC analysis also showed that Fn DNA had some capacities in distinguishing CRC metastasis, which
might help optimize the therapeutic decision-making process of clinicians. Especially for T1 carcinomas,
colonoscopy can be used instead of more traumatic surgery if there is no risk of metastasis (Kudo et al.,
2021; Saitoh et al., 2016).
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Figure 5. Evaluation of salivary Fn DNA in test subjects and its functional analysis

(A) Comparison analysis of salivary Fn DNA levels among NC (n = 29), HP (n = 21), Ad (n = 17), and CRC (n = 30). ***p < 0.001 (Mann-Whitney U test). Data

represent the median (IQR).
(B) ROC curve analysis for the detection of CRC.

(C) The correlation analysis of Fn DNA between saliva and tumor tissues in CRC patients. Spearman test.
(D)

(B)

(F) Treemap of 10 enriched KEGG pathways for the differentially expressed genes shown in (E).

Existing data support that there is a positive relationship between the level of tissue Fn and worse prognosis in
gastroenterological cancers, particularly CRC (Mima etal., 2016; Salvuccietal., 2021; Yamaoka et al., 2018), esoph-
ageal cancer (Yamamura et al., 2016), and gastric cancer (Boehm et al., 2020). A recent meta-analysis also predicts
that high levels of Fn in tumor tissues suggest a poor prognosis (Huangfu et al., 2021). In this research, CRC pa-
tients were divided into low-Fn and high-Fn DNA groups according to the cutoff value for CRC diagnosis. Consis-
tent with the aforementioned findings, our data showed that the high levels of Fn DNA in saliva were associated
with poor OS and DFS of CRC patients, which was an independent factor for prognostic prediction. Besides, the
traditional tumor biomarkers, CEA and CA19-9, had no significant application value in prognostic prediction.
Therefore, we provided a potential noninvasive biomarker for the prognostic prediction of CRC.

A previous study has indicated that CRC-associated Fn comes from the oral microbial community, and oral
fusobacteria reach the colon tumor via a hematogenous route (Abed et al., 2020). To test this hypothesis,
we examined the amount of Fn in saliva, tumor tissue, and blood samples of CRC patients. Our data
showed that the level of Fn in the saliva was positively associated with its abundance in CRC tissue, whereas
Fn DNA was only detected in one of 30 serum samples. Therefore, we thought that the level of Fn in the oral
cavity reflected its tissue infection status in CRC patients. Moreover, Fn entering the circulatory system
might be only a short transient, because no growth and reproduction occurred there. In addition, we de-
tected Fn DNA in 93.3 and 76.7% of the analyzed saliva and tumor tissue samples, respectively, suggesting
that salivary Fn had higher sensitivity compared with tissue and blood detections.

Fn has been reported to be involved in the proliferation and migration of CRC via orchestrating a molecular
network of some signaling pathways (Hu et al., 2021; Kong et al., 2021; Yang et al., 2017). However, these
mechanistic insights most come from cell lines, which may not truly reflect its function in the human body. In
the present study, we employed 18 CRC tissues with high or low Fn infection. Through KEGG analysis, 59
significant pathways were identified, some of which have already been demonstrated in the development
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PCA for CRC patients with high-Fn DNA levels in both saliva and tumor tissues and those with low-Fn DNA levels in both saliva and tumor tissues.
E) Heatmap analysis of differentially expressed mRNAs between CRC patients with high-Fn and low-Fn DNA levels in both saliva and tumor tissues.



iScience

of CRC. For example, ECM-receptor interaction and focal adhesion are the top two significant KEGG path-
ways. These two signaling pathways are the possible molecular mechanisms underlying the metastasis of
CRC (Machackova et al., 2020). Our clinical data also showed that there was a close relationship between
the level of salivary Fn and regional lymph node metastasis or distant metastasis. The other representative
enriched KEGG pathways, such as the Wnt signaling pathway, MAPK signaling pathway, cytokine-cytokine
receptor interaction, and so on, have also been reported in some studies. Fn confers the CRC progression
through activation of the Wnt/B-catenin signaling pathway (Li et al., 2021). AKT/MAPK and NF-kB signaling
pathways have been found to be activated after Fn infection (Kang et al., 2019). Similarly, cytokine-cytokine
receptor interaction has also been reported in Fn-positive esophageal cancers. Moreover, Fn-induced che-
mokines, such as CCL20, may contribute to the development and metastasis of tumors (Xu et al., 20213;
Yamamura et al., 2016). Phagosome was found in our enriched KEGG pathways. This might be attributed
to the fact that Fn can induce autophagy to promote the metastasis and chemoresistance of CRC cells
(Chen et al., 2020; Yu et al., 2017). Interestingly, Fn is involved in the regulation of ferroptosis, which is a
new type of programmed cell death (Xu et al., 2021b). However, further studies are required to elucidate
the mechanism by which Fn affects tumor behavior by modulating ferroptosis.

In conclusion, salivary Fn DNA could be used as a potential biomarker for the detection of CRC, and we also
revealed the potential mechanism of Fn in the development of CRC. Compared with currently available
detection methods, salivary Fn DNA showed certain advantages, such as its higher sensitivity and safety.

Limitations of the study

Although the findings are promising, there are some limitations in our current work. First, CRC patients usually
present with a decreased autoimmune function (Di Caro et al., 2014), and Fn may have been altered. However,
the clinical information has not included the indexes that reflect the immune status. Second, although the levels
of salivary Fn DNA were increased in Ad patients, it was not suitable for the diagnosis of Ad. Moreover, whether
Ad patients with high levels of Fn have a high risk for CRC still remains largely unknown. This limitation is un-
avoidable, as the Ad patients usually take timely treatment. Third, it is unclear to what extent Fn can be affected
in patients with poor survival who have a radical operation and would therefore benefit most from Fn DNA
detection. Fourth, in our limited test cohort, the patients were not followed up for enough time. Besides, the
prognostic significance of Fn will be further validated in our further work.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Patient samples (saliva and serum) Qilu Hospital of Shandong N/A

in the training cohort University

Patient samples (saliva, serum and Shandong Provincial Third N/A

tumor tissue) in the test cohort Hospital

Critical commercial assays

QlAamp DNA Mini Kit Qiagen 51306

TRizol Invitrogen 15596018

2xAceQ gPCR Probe Master Mix Vazyme Q112-03

Elecsys CEA kit Roche Diagnostics 07027028190

Elecsys CA19-9 kit Roche Diagnostics 07027079190

Ribo-off rRNA Depletion Kit Vazyme N406-02

VAHTS Universal V8 RNA-seq Library Vazyme NR605-02

Prep Kit for lllumina

VAHTS RNA Clean Beads Vazyme N412-02

VAHTS DNA Clean Beads Vazyme N411-02

Deposited data

RNA sequence NCBI SRA: PRINA777960

Oligonucleotides

qPCR primers (Table S4) This paper N/A

gPCR probes (Table S4) This paper N/A

Software and algorithms

Principal component analysis ggord https://github.com/fawda123/ggord

Trimgalore v0.6.6 Trimgalore https://github.com/FelixKrueger/TrimGalore

FastQC v0.11.9 FastQC https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/

hisat2 v2.2.1 Kim et al. (2015) http://daehwankimlab.github.io/hisat2/

featureCounts v2.0.3
edgeR v3.32.1

clusterProfiler v3.18.1

R (version 3.6.3)
GraphPad Prism, 9.1
MedCalc, 9.3

Liao et al. (2014)
Robinson et al. (2010)

Yu et al. (2012)

R Core Team (2020)
GraphPad Software

MedCalc statistical software

http://subread.sourceforge.net/

https://bioconductor.org/packages/release/
bioc/html/edgeR.html

https://guangchuangyu.github.io/software/

clusterProfiler/
https://cran.r-project.org
https://www.graphpad.com/

https://www.medcalc.org/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled
bythe lead contact, Yi Zhang (yizhang@sdu.edu.cn)

Materials availability

This study did not generate new unique reagents.
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Data and code availability

® RNA-seq data have been deposited at SRA (PRINA777960). Any additional information required to re-
analyze the data reported in this paper is available from the lead contact upon request.

o All data reported in this paper will be shared by the lead contact upon request

® This paper does not report original code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Subjects

The experimental protocols were approved by the local ethical committees (No. KYLL-2019-2-013), and
written informed consent was obtained from all participants. In the training cohort, pre-operative saliva
samples were collected from 324 cases with HC (n = 41), HP (n = 33), Ad (n = 43), and CRC (n = 207) under-
going colonoscopy examination in Qilu Hospital of Shandong University between March 2017 and June
2018. CRC patients had complete medical records and were followed up at regular intervals until death
or June 2021. The patients with incomplete medical records and those who were lost to follow-up, or with-
drew the consent were excluded from this study. In the test cohort, an independent cohort consisting of
subjects with HC (n = 30), HP (n = 12), Ad (n = 18), and CRC (n = 30) was recruited from Shandong Provincial
Third Hospital. In this cohort, paired serum and tumor tissue samples were collected from CRC patients
besides saliva. All pathological tissues were confirmed by histopathological analyses. CRC cases were
diagnosed and staged according to the 7th AJCC/UICC tumor-node-metastasis (TNM) system. Table S1
included the sample size, age and gender.

METHOD DETAILS

Sample preparation

Saliva was collected using Salivette® with a cotton swab from each subject. Briefly, subjects were asked to
chow the swab for about 40 s after rinsing the mouth with water. The swab with absorbed saliva was re-
turned to the tube and centrifuged at 1,000 g for 2 min to get a clear saliva sample. Blood was collected
by vena puncture, and serum was separated by centrifugation at 1,600 g for 10 min. Saliva and serum sam-
ples were stored at —80°C until further analyses. Tumor tissues were washed with Hank’s solution three
times and then immediately frozen in liquid nitrogen.

DNA and RNA extraction

DNA was extracted using QlAamp DNA Mini Kit (Qiagen, Hilden, Germany). RNA was isolated from tissues
using the TRIzol reagent (Invitrogen, Eugene, OR, USA). The DNA/RNA concentration was determined by a
Qubit fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). RNA integrity was evaluated using a Bio-
analyzer 2100 (Agilent Technologies, Santa Clara, CA, USA).

qPCR

Probe-based gPCR was performed using 2xAceQ gPCR Probe Master Mix (Vazyme, Nanjing, China) in a
reaction volume of 30 pl, with 15 pl AceQ gPCR Probe Master Mix, 0.6 pl forward/reverse primer for Fn
DNA (10 pm), 0.3 ul TagMan probe for Fn DNA (10 um), 0.6 ul forward/reverse primer for reference genes
(5 pm), 0.3 pl TagMan probe for reference genes (5 um), and 10.5 pl DNA. The primers and TagMan probes
were designed based on the nusG gene of Fn and human reference genes (GAPDH, RPPH1, NAGK, TERT,
ERV-3, and SLC O 2A1), and their sequences were shown in Table S4. PCR amplification was on a Bio-Rad
CFX96 real-time PCR cycler (Bio-Rad, Hercules, CA, USA), with an initial denaturation step at 95°C for 5 min,
and 40 cycles at a melting temperature of 95°C for 10 s and an annealing temperature of 60°C for 30 s. All
assays were conducted in triplicate. No-template reactions were performed as negative controls. The PCR
products were confirmed by sanger sequence (Figure S1).

GAPDH and TERT were selected as reference genes for normalizing gPCR as described in result part. The
relative level of Fn DNA was recorded as the ratio of Q (Fn DNA) to the geometric mean of Q (GAPDH) and
Q (TERT). Q was calculated according to the following formula: (Effiency+1)2°9, where A Cqg =[Cq (test)-
Cq (calibrator)]. The effiencies of Fn DNA, GAPDH and TERT amplification were shown in Figure 2.
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CEA and CA19-9 assays

The levels of CEA and CA19-9 were determined using electrochemiluminescence with the Roche Cobas
€601 fully automatic analyzer (Roche Diagnostics, Mannheim, Germany) equipped with dedicated re-
agents. In brief, 6ul serum was incubated with biotinylated CEA/CA19-9 monoclonal antibody and Ru
labeled CEA/CA19-9 monoclonal antibody to form antigen-antibody sandwich complex. Then the complex
was incubated with magnetic bead particles coated with streptavidin. The reaction solution was sucked
into the measuring cell, the magnetic beads were adsorbed on the electrode surface through electromag-
netic action, and the substances not combined with the magnetic beads were removed. A certain voltage
was applied to the electrode to make the complex chemiluminescence, and the luminous intensity was
measured by a photoelectric multiplier. According to the manufacturer’'s recommendations, the cutoff
values of CEA and CA19-9 were defined as 5 ng/mL and 39 U/mL, respectively.

RNA sequence (RNA-Seq)

RNA-seq libraries were prepared using Ribo-off rRNA Depletion Kit (Vazyme, Nanjing, China) and VAHTS
Universal V8 RNA-seq Library Prep Kit for lllumina (Vazyme, Nanjing, China). In brief, total RNA (500 ng) ex-
tracted from CRC tissues was hybridized with ribosomal RNA (rRNA) Probe, followed by digestion with
RNase H at 37°C for 30 min, and digestion with DNase | at 37°C for 30 min. Then the ribosomal-depleted
RNA was purified with VAHTS RNA Clean Beads (Vazyme, Nanjing, China), and fragmented at 94°C for
5 min, followed by double strand cDNA synthesis, adapter ligation, two-rounds of purification for 250-
350 bp insert size selection, and PCR (using 14 cycles). Finally, libraries were quantified using Qubit fluo-
rometer (Thermo Fisher Scientific, Waltham, MA, USA), assessed using LabChip Gx Touch 24
(PerkinElmer, Waltham, MA, USA), and sequenced on a NovaSeq 6000 sequencer (Illumina, San Diego,
CA, USA) using 150 bp paired-end reads.

The raw data were trimmed with Trimgalore v0.6.6 and verified using FastQC v0.11.9. The clean reads
aligned to the GRCH38 genome with hisat2 v2.2.1 (Kim et al., 2015). The reads were counted with featur-
eCounts v2.0.3 (Liao et al., 2014) using genome annotation from Gencode v38 (https://www.
gencodegenes.org/). The expression levels of all gene were normalized by calculating FPKM (fragment
per kilobase of transcript per million mapped reads). Differential expression genes (DE-Gs) analysis be-
tween Fn low and high groups was performed with edgeR v3.32.1 (Robinson et al., 2010). And, the genes
with p < 0.05 and absolute fold change >2 were considered as DE-Gs. DE-Gs were then subjected to
enrichment analysis of KEGG pathways with clusterProfiler v3.18.1 (Yu et al., 2012).

QUANTIFICATION AND STATISTICAL ANALYSIS

Kruskal-Wallis test was performed for global comparison of Fn DNA, CEA, or CA19-9 levels among multiple
groups, and further post-hoc multiple comparisons were carried out using the Mann-Whitney U test. The
logistic regression model was adopted to combine markers and generate predicted probability values. The
correlation between Fn levels in tissue and saliva was analyzed by the Spearman test. Survival curves were
constructed using the Kaplan-Meier method and compared by log rank test. The Cox model was used to
identify the independent prognostic factors. The AUC with 95%Cl was computed on the receiver operating
characteristic (ROC) curve. The cutoff value was also calculated based on the Youden index (sensitivity +
specificity-1). Analyses were performed with GraphPad Prism, 9.1 and MedCalc, 9.3, all tests were two-
sided, and p < 0.05 was considered as statistically significant.
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