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Background

Colon microbiome composition contributes to the pathogenesis of colorectal cancer (CRC) and prognosis. We analyzed 16S rRNA sequencing data from tumor samples of patients with metastatic CRC and determined the clinical implications.





Materials and methods

We enrolled 133 patients with metastatic CRC at St. Vincent Hospital in Korea. The V3-V4 regions of the 16S rRNA gene from the tumor DNA were amplified, sequenced on an Illumina MiSeq, and analyzed using the DADA2 package.





Results

After excluding samples that retained <5% of the total reads after merging, 120 samples were analyzed. The median age of patients was 63 years (range, 34–82 years), and 76 patients (63.3%) were male. The primary cancer sites were the right colon (27.5%), left colon (30.8%), and rectum (41.7%). All subjects received 5-fluouracil-based systemic chemotherapy. After removing genera with <1% of the total reads in each patient, 523 genera were identified. Rectal origin, high CEA level (≥10 ng/mL), and presence of lung metastasis showed higher richness. Survival analysis revealed that the presence of Prevotella (p = 0.052), Fusobacterium (p = 0.002), Selenomonas (p<0.001), Fretibacterium (p = 0.001), Porphyromonas (p = 0.007), Peptostreptococcus (p = 0.002), and Leptotrichia (p = 0.003) were associated with short overall survival (OS, <24 months), while the presence of Sphingomonas was associated with long OS (p = 0.070). From the multivariate analysis, the presence of Selenomonas (hazard ratio [HR], 6.35; 95% confidence interval [CI], 2.38–16.97; p<0.001) was associated with poor prognosis along with high CEA level.





Conclusion

Tumor microbiome features may be useful prognostic biomarkers for metastatic CRC.
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1 Introduction

The human microbiome plays a fundamental role in maintaining physiological homeostasis. Microbial dysbiosis contributes to the pathophysiology of human diseases, including colorectal cancer (CRC), which has a close physical proximity with the diverse microbial populations in the colon (1, 2). The tumor-associated microbiome plays an important role in colorectal cancer biology given its direct contact with the local tumor microenvironment (TME). DNA sequencing analysis conducted directly on CRC tumors provides insights into the cancer-associated microbiota that is in direct contact with the local TME of CRCs. As an example, many studies investigating the tumor microbiome of CRC have demonstrated an enrichment of Fusobacterium nucleatum (F. nucleatum) in colon carcinogenesis (3–5).

Other studies have delineated how specific microbiome may impact CRC pathophysiology. Preclinical studies have shown that Bacteroides fragilis and Escherichia coli secrete enterotoxins that induce pro-inflammatory immune responses and DNA damage. The direct adhesion of F. nucleatum to colon cells has been shown to exert similar effects. There is mounting evidence supporting the hypothesis that these effects promote colon carcinogenesis (6–10). Identification of specific microbiome alterations may provide clinically relevant information when screening for early-stage CRC (11–16).

Specific microbiome features are also associated with CRC prognosis. For example, the presence of F. nucleatum in CRC tissues is correlated with advanced stage, microsatellite instability, and poor prognosis in patients with CRC who have undergone surgical resection (17, 18). Microbiome composition also influences the efficacy of cancer immunotherapy (19–21) and chemotherapy via various mechanisms (22–26).

Most microbiome studies on CRC have been conducted using tumor samples from surgical resections, which are typically performed with curative intent in lower-stage (i.e., I–III) patients. Therefore, little is known about the clinical implications of the microbiome composition in patients with stage IV metastatic CRC receiving systemic treatment. In this study, we conducted microbiome 16S rRNA sequencing using tumor tissues from patients with initially stage IV CRC and determined the correlation between the tissue microbiome and clinical outcomes.




2 Materials and methods



2.1 Study population

All patients had a histological diagnosis of colorectal adenocarcinoma, initially as a stage IV disease, and received 5-fluouracil (5-FU)-based systemic chemotherapy and/or biological agents (cetuximab or bevacizumab) after tissue sampling. Treatment response was determined using the treatment evaluation criteria for solid tumors (v. 1.1) (27).

This study was approved by the Institutional Review boards (IRB) of the St. Vincent’s Hospital (No. VC19TESI0114), and Stanford Hospital (IRB number 55131). All the patients provided written informed consent to participate in this study. This study was conducted in accordance with the principles of the Declaration of Helsinki.




2.2 Sequencing analysis

The original sample set comprised 133 CRC tissue samples biopsied from patients with stage IV disease. Two scrolls of 7 to 8 µm sections were sliced from the formalin-fixed, paraffin-embedded (FFPE) block and stored at –20°C until their processing. Total genomic DNA was extracted using Maxwell® 16 FFPE Tissue LEV DNA Purification Kit from Promega (Madison, Wisconsin, USA). ZymoBIOMIC Microbial Community DNA Standard (Zymo Research, Catalog No. D6300) was used as a positive control, and DNA-free water was used as a negative control for 16S sequencing and data analysis. For 16S rRNA gene amplicon library preparation, we used 16S metagenomic sequencing library preparation according to the manufacturer’s protocol (Illumina, San Diego, California, USA). Briefly, 200 ng of mucosal DNA was amplified using primers targeting the V3-V4 variable region of the 16S rRNA gene.

16S forward primer:

5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACG GGNGGCWGCAG-3’;

16S reverse primer:

5’-GTCTCGTGGGCTCG GAGATGTGTAT AAGAGACAGGACTACHVGGGTATCTAATCC-3”.

The DNA sample was adjusted to a final concentration of 12 pM, subjected to PCR amplification and sequence library processing, and sequenced on an Illumina MiSeq platform (Illumina Technologies, USA).




2.3 16S rRNA data analysis

Cutadapt software (version 1.14,-m30) was used to remove the primer and adapter sequences. After filtering low-quality reads and merging, 13 samples had low number of reads and were excluded from the study. This step left 120 samples for further downstream analysis.

The Divisive Amplicon Denoising Algorithm 2 (DADA2) program was used to analyze the data and generate amplicon sequence variant (ASV) tables (Supplementary Figure S1). Then, we converted these tables into phyloseq objects using the “phyloseq” package (v. 1.24.2). Features with ambiguous genus annotations were discarded, and ASVs found in at least 1% of each sample were selected. Microbiomes detected in the negative control were subtracted from the in silico dataset.

Two alpha indices were chosen to depict taxon diversity between the groups: richness determined by number of Observed-ASVs per sample (observed ASV) and evenness determined by diversity of ASVs per sample (Shannon index). The beta diversity to depict intergroup dissimilarities was measured using UniFrac distances and visualized using principal component analysis (PCA). Linear discriminant analysis with effect size (LEfSe) algorithm was used to define differential microbiome patterns (28). The relative microbiome abundance between the groups was visualized using a heat map.




2.4 Statistical analysis

We performed a chi-squared test, Wilcoxon signed-rank test, and Spearman’s correlation to evaluate the results among the different pipelines. The Mann–Whitney U test or one-way ANOVA test was used for alpha diversity comparison. Permutational multivariate analysis of variance (PERMANOVA) was used to compare the beta diversity.

Progression-free survival (PFS) was measured from the date of first-line systemic chemotherapy to the date of progression or censored at the last follow-up date. Overall survival (OS) was measured from the date of first-line systemic chemotherapy until death from any cause, or the last censored date during follow-up. PFS and OS were calculated using the Kaplan–Meier method, and differences in survival between groups were compared using the log-rank test. Variables with p value <0.07 were included in the Cox regression multivariable model, and adjusted hazard ratios (HR) with 95% confidence intervals (CI) were calculated. A p value <0.05 was considered statistically significant. Statistical analyses were performed using R software (version 3.6.1).





3 Results



3.1 Patient characteristics

The baseline characteristics of the 120 enrolled patients are summarized in Table 1. The median age was 63 years (range, 34–82 years), and 76 patients (63.3%) were male. All patients were of Korean ethnicity. The distribution of the primary tumor sites was 27.5% in the right colon, 30.8% in the left colon (excluding the rectum), and 41.7% in the rectum. Twenty-one (18.5%) patients showed an involvement of three metastatic organs or more, which was defined as a high tumor burden.


Table 1 | Baseline characteristics of the study population.



During the median follow-up period of 17.9 months (1.0–59.0), 51 (42.5%) patients showed responses (complete or partial responses), and the median PFS was 8.9 months (1.0–52.0) after first-line treatment. Twenty-nine (24.2%) patients survived more than 24 months, and the median OS was 18.1 months (3.6–59.4).




3.2 Microbiome composition

In total, 13.3 million reads were generated from 120 CRC tissues. The median read length was approximately 392 bp (range, 283–590 bp). A total of 43,551 ASVs were assigned based on 97% similarity; however, 30,693 (70.5%) remained unclassified at the genus level. We removed unclassified ASV, and filtered out genera that showed an abundance of less than 1% in each patient to remove possible artifacts of sequencing errors or clustering algorithms. Finally, 523 genera were identified and analyzed. Pseudomonas was the most abundant, followed by Clostridium, Bacteroides, Rombroutsia, Flectobacillus, and Staphylococcus, in descending order (Supplementary Figure S2).




3.3 Association of alpha diversity and clinical parameters

Alpha diversity describes the microbial diversity in terms of richness (observed ASVs) and evenness (Shannon index). Alpha diversity analysis revealed that cancer tissues originating from the rectum showed higher microbiome richness than those from left- or right-sided CRC (p = 0.018), but there was no difference in microbiome diversity (Figure 1A). A trend towards higher microbiome richness (p = 0.057), but lower diversity (p = 0.047) was observed in CRC tissues with high serum CEA level (≥ 10 ng/mL, Figure 1B). CRC tissues with peritoneal invasion (cT4) showed lower microbiome diversity than those without peritoneal invasion (p = 0.016, Figure 1C). Patients with lung metastasis showed higher microbiome richness than those without lung metastasis (p = 0.026; Figure 1D). There were no significant differences in alpha diversity according to clinical outcomes, including response rate, progression, and survival.




Figure 1 | Microbial diversity. Alpha-diversity index according to primary site (A), CEA level (B), clinical T stage (C), and presence of lung metastasis (D).






3.4 Association of beta diversity and clinical parameters

Beta diversity differed according to primary site (p = 0.03, Figure 2A), serum CEA level (p = 0.015, Figure 2B), or clinical T stage (p = 0.08, Figure 2C). Patients who survived longer than 24 months (long-term survivors) showed distinct beta diversity compared to those who died within 24 months (short-term survivors, p = 0.021, Figure 2D). Short-term survival was associated with Bacteroides, Prevotella, Fusobacterium, Selenomonas, Fretibacterium, and Porphyromonas. In contrast, Sphingomonas, Corynebacterium, Curvibacter, Enhydrobacter, Paracoccus, Rothia, Caulobacter, and Dermacoccus were associated with long-term survival (Figure 3). The mean relative abundances of Bacteroides, Selenomonas, Fretibacterium, and Peptostreptococcus were higher in short-term survivors, while Rothia, Curvibacter, Corynebacterium, and Sphingomonas were more abundant in long-term survivors (Table 2).




Figure 2 | Principle co-ordinates analysis based on the Bray-Curtis distance according to primary site (A), CEA level (B), clinical T stage (C), and overall survival (D).






Figure 3 | Survival analysis. Differential microbiome abundance between short term (<24 months) and long term (≥24 months) survivors analyzed by linear discriminate analysis with effect size measurement (A). The listed genera were significantly gathered for their respective groups (p<0.05). Heatmap represents the relative abundance of each genera between two groups (B).




Table 2 | Average abundancies of microbiome genus between short term and long-term survival.






3.5 Prognostic implications of cancer tissue microbiome

The survival analysis revealed that the presence of Prevotella (p = 0.050), Fusobacterium (p = 0.002), Selenomonas (p <0.001), Fretibacterium (p = 0.001), Porphyromonas (p = 0.007), Peptostreptococcus (p = 0.002), and Leptotrichia (p = 0.003) were associated with poor OS, while the presence of Sphingomonas was associated with good OS (p = 0.070) (Figure 4). In a multivariate analysis, the presence of Selenomonas (HR, 6.35; 95% CI, 2.38–16.97; p <0.001) remained a significant poor prognostic factor, along with high serum CEA level (Table 3).




Figure 4 | Kaplan-Meier analysis of overall survival according to the presence or absence of specific microbes in the colorectal tissue. Prevotella (A), Fusobacterium (B), Selenomonas (C), Fretibacterium (D), Porphyromonas (E), Peptostreptococcus (F), Leptotrichia (G), and Sphingomonas (H).




Table 3 | Variables associated with overall survival.







4 Discussion

We characterized the composition of the tissue microbiome in patients with metastatic CRC and identified potential microbiome genera that may contribute to the prediction of survival outcomes in this population. Some clinical parameters are associated with microbiome diversity. The rectal origin showed higher microbiome richness and distinct beta diversity, in accordance with previous reports (29, 30). Patients with high CEA levels showed higher microbiome richness, but lower diversity. Peritoneal invasion (cT4) was associated with lower diversity. These are clinical parameters of poor prognosis in CRC; however, we did not find any significant differences in alpha diversity according to the clinical outcomes. Microbiome feature was associated with survival outcomes. The presence of Prevotella, Fusobacterium, Selenomonas, Fretibacterium, Porphyromonas, Peptostreptococcus and Leptotrichia was associated with shorter OS, while Sphingomonas was associated with longer OS.

One strength of our study is that we performed microbiome analysis using tissue samples from patients with metastatic CRC instead of stool samples. The colon tissue microbiome directly reflects features of the TME, and thus is less affected by extrinsic factors such as diet, drug exposure, gut preparation, or sample storage processes than stool samples (31). Studies comparing local tumor tissues with stool microbiome patterns have yielded discordant results (11, 29, 30). Thus, direct determination of the tissue-associated microbiome from primary CRC tumors may prove useful in future studies to confirm its prognostic implications.

Interestingly, the microbiomes related to poor prognosis in our study belonged to the oral cavity. Microbiomes living in the oral cavity can translocate to the lower gut and participate in pathogenesis (32). Significant enrichment of orally originated microbiomes has been observed in CRC tissues compared to normal tissues (12, 16, 29, 33). Fusobacteria, particularly F. nucleatum, is an established part of the oral microbiome and has the potential to contribute to CRC carcinogenesis. Its presence in CRC is associated with prognosis after surgical resection (8, 10, 17). These bacteria induce EMT, dysregulate the E-cadherin/β-catenin complex, and secrete matrix metalloproteinases or chemokines, which enhance tumor aggressiveness and metastasis (34–37). Few studies reported a prognostic role of F. nucleatum in the metastatic setting (38, 39). In the present study, Fusobacterium was associated with poor survival outcomes. At the species level, F. nucleatum was detected in 15 (12.5%) patients, and its presence was significantly associated with shorter OS (p <0.001; data not shown).

The prognostic significance of other bacteria in CRC has not been widely studied (16). We also identified other bacterial genera that may be contributing factors. For example, Porphyromonas promotes cell proliferation or inflammatory responses via interaction with TLR2 or TLR4 in preclinical models, and is associated with the prognosis of lung or esophageal cancer (40, 41). Peptostreptococcus involved in CRC carcinogenesis via direct interaction with integrin α2/β1 activates PI3K-ALK-NF-ĸB signaling and immune modulation (42). Leptotrichia and Selenomonas are associated with high-grade CRC; however, their prognostic significance has not yet been reported (30). We also found that some prognostic parameters correlated with each microbiome. Fusobacterium was detected more frequently in patients with high CEA level (p <0.001) and high tumor burden (p = 0.009). Patients with a high tumor burden showed more frequent Leptotrichia (p = 0.022) and Fretibacterium (p = 0.048). In this study, Sphingomonas was associated with favorable prognosis, which has been reported in breast, lung, and gastric cancer (43–45).

Most patients with CRC received 5-FU based chemotherapy. F. nucleatum may cause 5-FU chemoresistance via mechanisms involving aberrant EMT, autophagy, apoptosis, or tumor cell cycle regulation in CRC (26, 34, 46). Porphyromonas enhances the viability of cancer cells exposed to chemotherapeutic agents, including 5-FU, by modifying apoptosis and cell cycle signaling in esophageal cancer (40). Several studies have reported that short-chain fatty acids (SCFA), including those produced by butyrate-producing bacteria, may be associated with 5-FU chemo-sensitivity in CRC. Yuan et al. reported that antibiotic administration decreased 5-FU efficacy and was associated with a decrease of SCFA-producing bacteria, such as Blautia, Roseburia, Anaerotruncus, Oscillibacter, and Bacteroidetes, which could induce inflammation and abrogate antitumor activity. Another study reported that Roseburia, Dorea, and Anaerostipes in stool samples of patients with locally advanced rectal cancer were overrepresented in 5-FU chemoradiation responders (47). In the present study, these microbiomes were not associated with 5-FU efficacy or clinical outcomes. Porphyromonas or Prevotella, which might belong to the butyrate-producing microbiome (48–50), are associated with poor prognosis.

Our study has some limitations. First, it was conducted at a single institution, and the sample size was relatively small. Due to its retrospective nature, some important information, including prior antibiotic or probiotic exposure, was missing. Second, we used FFPE samples, which may present sequencing quality or contamination issues during processing. To minimize these issues, we filtered out reads of low quality, and ASVs with ambiguous genera annotations or those found in less than 1% of the samples were also discarded. Some microbiome was found in a small number of patients, so results should be interpreted in caution. Third, we investigated genera instead of species because of the low sensitivity of the 16S rRNA sequencing method for classifying species (51). Shotgun metagenomic sequencing was not performed because of high costs and excessive contamination with human DNA in the tissue samples (3, 4). Some studies have suggested that finer taxonomic resolution could impede the clinical availability of microbiome analyses for CRC (37).

In conclusion, we performed comprehensive tumor microbiome sequencing in patients with metastatic CRC and identified distinct tumor microbiome features associated with survival outcomes in this population. The presence of Selenomonas, along with the typical oral carcinogenic microbiome in CRC tissues, may be a useful prognostic biomarker. To confirm their clinical value, these microbiomes should be validated from RNA-ISH method and in stool samples from a large cohort.
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