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Breast cancer is the most common cancer in women and the second most common cancer overall. Although advancements in the early diagnosis and therapy of breast cancer have occurred in recent years, the prognosis of breast cancer bone metastasis remains poor and this type of cancer is rarely cured. The gut microbiota is indispensable for internal homeostasis and regulates various biological processes. Understanding the gut microbiota profiles in normal controls (NCs), breast cancer patients with no metastasis (BNs), and breast cancer patients with bone metastasis (BMs) may shed light on the development of diagnostic and therapeutic targets for breast cancer and bone metastasis. We comprehensively analyzed the gut microbiota from NCs, BNs, and BMs and found that the community diversity decreased in the order of NCs, BNs, and BMs. Streptococcus, Campylobacter and Moraxellaceae showed higher abundances in BNs and BMs than in NCs. The lack of Megamonas and Akkermansia in the BM compared with those in the NC and BN groups was considered related to bone metastasis. Additionally, based on the distinct gut microbiota profiles, we predicted that lipid transportation and metabolism, as well as folate biosynthesis, participate in breast cancer occurrence and that steroid hormone biosynthesis influences bone metastasis. Our study demonstrated that variations in gut microbiota are associated with breast cancer occurrence and bone metastasis, providing attractive targets to develop therapeutic and diagnostic methods.
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INTRODUCTION

Breast cancer is the most prevalent malignancy among women and the second most common cancer overall. Approximately 1.7 million diagnosed cases and 52 thousand deaths occurred in 2012 worldwide (Ferlay et al., 2015), causing considerable physical and financial burdens. Twenty to thirty percent of breast cancer patients develop metastases, which are responsible for 90% of deaths related to breast cancer (Allemani et al., 2018). In breast cancer patients, metastases most frequently appear in the bone (Brook et al., 2018), and the originally immobilized growth factors, such as transforming growth factor-beta, are released after osteolytic destruction by breast cancer, completing the vicious cycle of bone metastasis (Ma et al., 2020). According to a recent study, the overall survival from bone metastasis diagnosis is 40 months (Kuchuk et al., 2013), emphasizing the need to explore novel prevention and treatment modalities against bone metastases in breast cancer.

The gut microbiota colonizing the human intestine is considered indispensable for the homeostasis of organ development (Mayer et al., 2015), the immune response (D’Amelio and Sassi, 2018), and metabolism (Morrison and Preston, 2016), among other functions. However, the disruption of the gut microbiota contributes to the development of various diseases, such as cardiovascular diseases, autism, type 2 diabetes, inflammatory bowel disease, and malignancy. Growing evidence indicates the relationship between gut microbiota and breast cancer occurrence. A recent study revealed that the distinct gut microbiota in postmenopausal breast cancer patients might be responsible for the occurrence of breast cancer (Zhu et al., 2018). The prognosis and therapeutic effect of breast cancer were also linked to the gut microbiota according to recent reports (McKee et al., 2021; Terrisse et al., 2021). Several studies have demonstrated that the gut microbiota regulates the metastasis of melanoma (Matson et al., 2018) and colorectal cancer (Li et al., 2019), as well as lung metastasis of breast cancer (Quail et al., 2017). Despite the increased attention concerning the role of the gut microbiota in breast cancer and cancer metastasis, whether or which gut microbiota contribute to the bone metastasis of breast cancer remains unknown.

The bone microenvironment contains various cell types, including immune cells, megakaryocytes, and myeloid cells derived from myeloid lineage cells, as well as osteoblasts and osteoclasts. Disruption of bone microenvironment homeostasis results in a distorted immune response and bone remodeling, leading to bone metastasis. The gut microbiota regulates bone homeostasis through nutrient absorption, immune regulation, and direct translocation (Hernandez et al., 2016). Li et al. (2016) demonstrated that sex steroid–depleted mice raised in germ-free (GF) conditions are protected against trabecular bone loss and that microbial recolonization of GF mice restores the capacity of sex steroid deficiency to induce bone loss. Sjogren et al. (2012) revealed that the absence of gut microbiota leads to increased bone mass associated with a reduced number of osteoclasts (OCLs) in trabecular bone and a decreased frequency of CD4 + T cells and OCL precursor cells in bone marrow, indicating the influence of the gut microbiota on the bone microenvironment. Considering the simultaneous effects of the gut microbiota on cancer occurrence, metastasis, and bone microenvironment, we postulated that the gut microbiota plays a crucial role in the bone metastasis of breast cancer.

We conducted a comprehensive analysis of fecal samples from normal controls (NCs), breast cancer patients with no metastasis (BNs), and breast cancer patients with bone metastasis (BMs). As the first study to report the relationship between gut microbiota and breast cancer metastasis, the altered gut microbiota and biological processes involved in breast cancer occurrence and bone metastasis were first identified, which could provide new insight into treating breast cancer bone metastasis by developing new treatment combining gut microbiota interfering, such as antibiotics or probiotics administration, with the regular treatments to increased the chance for curing advanced breast cancer.



MATERIALS AND METHODS


Participant Recruitment and Sample Collection

This study was approved by the ethics committee of Sun Yat-sen Memorial Hospital, Sun Yat-sen University. All fecal samples were collected from August 2019 to February 2020. Subjects with gastrointestinal diseases, chronic diseases that required long-term medication that may alter the gut microbiota, and breast cancer patients who developed metastasis at sites other than bone were excluded. All the patients were free of radiotherapy or chemotherapy for 8 weeks, antibiotic administration for 4 weeks, or surgery for 6 months. The recruited patients were hospitalized for at least two weeks and were provided with the same diet to minimize the influence of diet on the structure of the gut microbiota during fecal sample collection. All the participants who agreed to donate fecal samples provided written informed consent. Breast cancer patients were diagnosed by pathological examination at the Breast Tumor Center of Sun Yat-sen Memorial Hospital, and normal controls were recruited from the medical examination center of Sun Yat-sen Memorial Hospital. We collected 25 NC, 32 BN, and 22 BM fecal samples. The fecal samples were freshly collected and frozen in liquid nitrogen, transferred to the laboratory and stored at –80°C until extraction.



DNA Extraction and Sequencing

Microbial community DNA was extracted using a MagPure Stool DNA KF kit B (Magen, China) following the manufacturer’s instructions. DNA was quantified using a Qubit Fluorometer and a Qubit dsDNA BR Assay kit (Invitrogen, United States), and the quality was checked by running aliquots on a 1% agarose gel electrophoresis.

The sequencing procedure was performed as previously described with some modifications (Caporaso et al., 2012). Variable region V4 of the bacterial 16S rRNA gene was amplified using degenerate polymerase chain reaction (PCR) primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). Both the forward and reverse primers were tagged with Illumina adapter, pad and linker sequences. PCR enrichment was performed in a 50-μL reaction containing 30 ng of the template, the fusion PCR primer, and the PCR master mix. The PCR cycling conditions were as follows: 95°C for 3 min; 30 cycles of 95°C for 45 s, 56°C for 45 s, and 72°C for 45 s; and a final extension for 10 min at 72°C. The PCR products were purified using Agencourt AMPure XP beads and were eluted in the elution buffer. The libraries were qualified using the Agilent Technologies 2100 bioanalyzer. The validated libraries were used for sequencing on the Illumina HiSeq 2500 platform (BGI, Shenzhen, China) following the standard pipelines of Illumina, generating 2 × 250 bp paired-end reads.



Bioinformatics Analysis

Raw reads were filtered to remove the adapters and low-quality and ambiguous bases, and then paired-end reads were added to the tags using the Fast Length Adjustment of Short reads program (FLASH, v1.2.11) (Magoč and Salzberg, 2011) to obtain the tags. The tags were clustered into operational taxonomic units (OTUs) with a cutoff value of 97% using UPARSE software (v7.0.1090) (Edgar, 2013), and chimera sequences were compared with the Gold database using UCHIME (v4.2.40) (Edgar et al., 2011) for detection. Next, OTU representative sequences were taxonomically classified using Ribosomal Database Project (RDP) Classifier v.2.2 with a minimum confidence threshold of 0.6 and then were trained on the Greengenes database v201305 by QIIME (v1.8.0) (Caporaso et al., 2010). USEARCH_global (Edgar, 2010) was used to compare all the tags back to OTUs to obtain the OTU abundance statistics table of each sample. Alpha and beta diversity indexes were estimated using MOTHUR (v1.31.2) (Schloss et al., 2009) and QIIME (v1.8.0) at the OTU level, and the observed species and Chao and ACE indexes were used to evaluate the alpha diversity. Sample clustering was conducted using QIIME (v1.8.0) based on UPGMA. KEGG and COG functions were predicted using PICRUSt software (Wilkinson et al., 2018). Bar plots and heatmaps of different classification levels were plotted using the R package gplots (v3.4.1). PLS-DA was performed using the R package mixOmics. A GraPhlAn map of species composition was created using GraPhlAn. Significant species or functions were determined by R (v3.4.1) based on the Wilcoxon or Kruskal–Wallis test.




RESULTS


Clinical Characteristics of the Included Subjects

To investigate the role of the gut microbiota in the occurrence and metastasis of breast cancer, we collected fecal samples from 25 NCs, 32 BNs, and 22 BMs, and the flat OTU cumulative curve indicated a sufficient sample size to identify the complete microbiome in the fecal samples (Supplementary Figure 1). The average ages of the NC, BN, and BM groups were 54.08 ± 11.17, 52.06 ± 10.95, and 50.77 ± 10.72 years, respectively, without a significant difference (P = 0.551). Because some of the included subjects had a history of antibiotic use, we collected the fecal samples 4 weeks after the last antibiotic treatment to exclude the effect of antibiotics on gut microbiota homeostasis, and the proportions of antibiotic use history were not significantly different among the NC, BN and BM groups (P = 0.941). No significant differences were found in the proportion of surgery (P = 0.593), radiotherapy (P = 0.309) and chemotherapy (P = 0.122) treatments. Regarding the pathological characteristics, the positive percentages of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) also showed no significant difference (P = 0.945, 0.087, and 0.522, respectively) between the BN and BM groups. All the patients were free of radiotherapy or chemotherapy for 8 weeks or surgery for 6 months. The recruited patients were hospitalized for at least two weeks and provided with the same diet to minimize the influence of diet on the structure of the gut microbiota during fecal sample collection. The detailed characteristics of the included subjects are shown in Table 1 and Supplementary Table 1, and the detailed statistics for the quality control of 16S rRNA sequencing are shown in Supplementary Table 2.


TABLE 1. Clinical features of normal control and breast cancer patients with or without bone metastasis.
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Microbial Diversity Decreases in the Order of Normal Controls, Breast Cancer Patients With No Metastasis, and Breast Cancer Patients With Bone Metastasis

Alpha diversity represents the microbiome richness and community diversity of the intestine, and disturbed homeostasis of the gut microbiota leads to altered alpha diversity and dysfunction of the gut microbiota, which subsequently contributes to the occurrence and exacerbation of diseases. We first analyzed the alpha diversity of the NC, BN, and BM groups to characterize the general features of the gut microbiota, and the observed species, Chao, and ACE indexes were chosen to evaluate bacterial richness and community diversity.

Comparing the alpha diversity between the BN and NC groups, decreases were found in the observed species (P = 0.141), Chao (P = 0.161), and ACE (P = 0.266) indexes, but the differences did not reach significance (Figures 1A–C). Additionally, the BM group had decreased values of the observed species (P = 0.113), Chao (P = 0.077) and ACE (P = 0.06) indexes compared with those of the BN group (Figures 1A–C). Although the BN versus NC group and BM versus BN group were not significantly different, the BM group showed significantly decreased observed species compared to the NC group (P = 0.005), Chao (P = 0.005), and ACE (P = 0.008) indexes compared with the NC group (Figures 1A–C). Next, we assessed the difference in alpha diversity among the three groups. Although no significant differences were found between the BN and NC groups and between the BM and BN groups, the Kruskal–Wallis test showed significantly decreased observed species (P = 0.018), Chao (P = 0.016), and ACE (P = 0.024) indexes (Figures 1A–C), revealing the reduced bacterial richness and community diversity in the order of NCs, BNs, and BMs.
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FIGURE 1. Comparison of the gut microbiota alpha and beta diversity indexes of NCs, BNs, and BMs. (A–C) Box plots comparing the alpha diversity of NCs, BNs, and BMs using observed species (A), Chao (B) and ACE (C) indexes. NCs, normal controls; BNs, breast cancer patients with no metastasis; BMs, breast cancer patients with bone metastasis. P values were calculated using the Kruskal–Wallis test.




Distinct Profiles in the Gut Microbiota Among the Normal Controls, Breast Cancer Patients With No Metastasis, and Breast Cancer Patients With Bone Metastasis

No significant cluster was found among the group in unweighted or weighted UniFrac beta diversity (Supplementary Figure 2), but the box plots showed that beta diversity among the 3 groups was significantly different, except for the comparison between the BN and NC groups in weighted UniFrac beta diversity, indicating the diverse microbial structure among the NC, BN, and BM groups (Figure 2A). Although we revealed decreased bacterial richness and community diversity in the order of NCs, BNs, and BMs, whether the compositional profiles of the three groups differ from each other must be clarified. Partial least squares discriminant analysis (PLS-DA) was performed to confirm the distinct compositions of the gut microbiota among the NC, BN, and BM groups. Although BNs versus NCs and BMs versus BNs showed no significant difference in alpha diversity, they showed distinct compositional profiles according to PLS-DA (Figure 2B). As expected, BMs and NCs also showed a discrepancy in the gut microbiota composition (Figure 2B) because the alpha diversity was significantly different.
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FIGURE 2. Analyses of the gut microbiota community profiles. (A) Box plots comparing the beta diversity of NCs, BNs, and BMs. (B) PLS-DA of the distinct gut microbiota community profiles of NCs, BNs, and BMs.




Gut Microbial Composition Analysis of the Fecal Samples

To further clarify the composition of the gut microbiota, we analyzed the taxon profiles of the NC, BN and BM groups at the phylum, family and genus levels (Supplementary Table 3). At the phylum level, the top 5 were Bacteroidetes (48.60%, 42.92% and 49.3%, in the order of NCs, BNs, and BMs, respectively), Firmicutes (40.50%, 38.09% and 32.51%) Proteobacteria (6.81%, 11.04% and 13.63%), Fusobacteria (1.85%, 3.19% and 2.74%) and Actinobacteria (0.68%, 0.70% and 0.71%) (Figure 3A). The 5 most abundant families were Bacteroidaceae (35.10%, 31.76% and 39.20%), Veillonellaceae (16.60%, 8.66% and 10.87%), Lachnospiraceae (10.13%, 12.41% and 11.99%), Ruminococcaceae (12.03%, 10.46% and 6.88%), and Enterobacteriaceae (4.72%, 7.46% and 10.32%) (Figure 3B). Among the listed most abundant genera, the 5 most abundant were Bacteroides (35.06%, 31.72% and 39.18%), Prevotella (8.74%, 6.99% and 6.85%), Faecalibacterium (5.87%, 6.71% and 4.30%), Megamonas (11.16%, 4.35% and 1.69%) and Escherichia (3.73%, 5.25% and 6.61%) (Figure 3C).
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FIGURE 3. Compositional analysis of the gut microbiota community. (A) Compositional analysis of the gut microbiota community in NCs, BNs and BMs at the phylum level. (B) Compositional analysis of the gut microbiota community in NCs, BNs, and BMs at the family level. (C) Compositional analysis of the gut microbiota community in NCs, BNs, and BMs at the genus level.




Identification of the Signature Gut Microbiota in Breast Cancer Occurrence and Bone Metastasis

To identify the significantly different and signature taxa in NCs, BNs, and BMs, linear discriminant effect size (LEfSe) analysis and cladograms were used to elucidate the microbial structure (Supplementary Table 4), and linear discriminant analysis (LDA) was used to estimate the difference in the effect size of each taxon among the NC, BN, and BM groups. Compared with the NC group, the abundances of Proteobacteria, Staphylococcus, Campylobacter, and Moraxellaceae were significantly higher and those of Paraprevotella were lower in the BN group (Figure 4A). Comparing the BM and BN groups, Pasteurellaceae, Haemophilus, Planococcaceae, Lysinibacillus, and Neisseria in the BM group and Megamonas, Lactobacillales, Bacilli, Streptococcus, Akkermansia, and Oxalobacter in the BN group were identified as dominant taxa (Figure 4B). As shown by the cladogram and bar plots, compared with the NC group, the gut microbiota of the BM group demonstrated significantly higher levels of Lactobacillales, Bacilli, Veillonella, Streptococcus, Campylobacter, Epsilonproteobacteria, Acinetobacter, Pseudomonadales, Moraxellaceae, and Collinsella and lower levels of Megamonas, Clostridia, Akkermansia, Gemmiger, and Paraprevotella (Figure 4C).
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FIGURE 4. LEfSe analysis identifies signature microbiota constituents that regulate breast cancer occurrence and bone metastasis. (A) Cladogram constructed with LEfSe indicating the significantly different taxa between NCs and BNs, and the bar plot shows the LDA score of the different taxa. (B) Cladogram constructed with LEfSe indicating the significantly different taxa between BNs and BMs, and the bar plot shows the LDA score of the different taxa. (C) Cladogram constructed with LEfSe indicating the significantly different taxa between NCs and BMs, and the bar plot shows the LDA score of the different taxa. LDA scores (log10) > 2 and P < 0.05 were considered significantly different.




Predicted Biological Processes Regulated by Altered Gut Microbiota

To confirm whether the distinct gut microbial patterns of NCs, BNs, and BMs contributed to the occurrence and metastasis of breast cancer, we performed a phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) analysis to predict the significantly different Clusters of Orthologous Groups of proteins (COGs) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. We identified 2 COG and 8 KEGG pathways as significantly different between the BN and NC groups, and the BN group showed increased activities in lipid transport and metabolism, folate biosynthesis, tryptophan metabolism, and fatty acid degradation (Figures 5A,B). The numbers of significantly different COG and KEGG pathways were 1 and 6, respectively, between the BM and BN groups. The BM group showed higher activities in secondary metabolite biosynthesis, transport and catabolism, taurine and hypotaurine metabolism, nitrogen metabolism, sulfur metabolism, and steroid hormone biosynthesis (Figures 5C,D), indicating higher metabolic activities in the gut microbiota in breast cancer patients with bone metastasis than in those without metastasis. Finally, we compared the differential COG and KEGG pathways between the BM and NC groups and identified 5 and 30 differential COG and KEGG pathways, respectively. Various metabolic pathways related to lipid, nitrogen, folate, ascorbate, steroid hormone biosynthesis, and bile acid metabolism and synthesis were upregulated in the BM compared with those in the NC group. Additionally, transcription and posttranslational modification, protein turnover, and chaperones were significantly different between the BM and NC groups (Figures 5E,F). The detailed results of the PICRUSt analysis are shown in Supplementary Table 5.


[image: image]

FIGURE 5. Predicted biological processes mediated by differential gut microbiota based on COG and KEGG analysis. (A,B) COG and KEGG analyses of the differential biological processes caused by distinct gut microbiota profiles between NCs and BNs. (C,D) COG and KEGG analyses of the differential biological processes caused by distinct gut microbiota profiles between BNs and BMs. (E,F) COG and KEGG analyses of the differential biological processes caused by distinct gut microbiota profiles between NCs and BMs. P < 0.05 is considered significantly different.





DISCUSSION

Breast cancer is the most prevalent malignancy among women, with an estimated 228,155 new cases worldwide in 2021, as well as 43,600 deaths (Siegel et al., 2021). Various effective treatments for breast cancer have been developed in recent years, such as metronomic therapy (Cazzaniga et al., 2019), antibody–drug conjugation systems (Bouchard et al., 2014), nanoparticles and micelles (Hussain et al., 2018), and targeting breast cancer stem cells (Sun et al., 2016), which have contributed to decreased death rates and improved overall survival. Despite developments in breast cancer treatment, the poor prognosis of breast cancer patients with bone metastases remains unchanged. The most common site of breast cancer metastases is bone, and bone metastases in breast cancer usually result in skeletal-related events, including humoral hypercalcemia of malignancy, pathological fractures, spinal cord compression, and pain (Cleeland et al., 2016). The median overall survival (OS) from bone metastasis diagnosis is 40 months in BC patients (Kuchuk et al., 2013), making it critical to develop novel diagnostic and therapeutic methods for breast cancer bone metastases. Recent studies have reported that the gut microbiota participates in the occurrence and progression of breast cancer (Luu et al., 2017; Frugé et al., 2020), and probiotics and prebiotics have been proven to be effective in suppressing the growth of breast cancer (Lakritz et al., 2014; Zengul et al., 2021). However, whether the gut microbiota is involved in breast cancer bone metastases remains largely unknown. The present study comprehensively explored the role of the gut microbiota in breast cancer occurrence and bone metastasis, aiming to enlighten future research on the diagnosis and treatment of breast cancer.

Human bodies possess trillions of microorganisms, and the immense storage of the microbial genome likely significantly affects various biological and pathological processes. Because of advances in high-throughput technology, the microbial profiles can now be detected by 16S rRNA sequencing. Fecal samples from NC, BN, and BM subjects were collected for 16S rRNA sequencing. For gut microbiota comparison, the clinical characteristics of the subjects, including age, antibiotic usage, treatment history, and percentage of hormonal receptor positivity, were comparable among the three groups. The dominant phyla were Bacteroidetes, Firmicutes, Proteobacteria, and Fusobacteria, consistent with findings in a previous study profiling the gut microbiota composition (Bik et al., 2006). These results indicated that the sample collection was reliable and that the discrepancy among the three groups was not caused by different features of the subjects or sample contamination.

Previous studies have demonstrated that gut microbiota dysbiosis contributes to carcinogenesis, including colorectal cancer, lung cancer, prostate cancer, and breast cancer (Picardo et al., 2019). Regarding breast cancer, several studies have reported that breast cancer patients harbor gut microbiota with altered diversity and profiles. Goedert et al. (2018) found that the alpha diversity of the gut microbiota was decreased in postmenopausal breast cancer patients, and altered gut microbiota profiles of both IgA-positive and IgA-negative patients were also detected in the fecal samples of breast cancer patients. According to our study, reduced alpha diversity of the gut microbiota was also detected in BN subjects, although it did not reach significance. Furthermore, consistent with a previous study, PLS-DA showed distinct microbiota profiles between the BN and NC groups. We postulated that gut microbiota homeostasis is indispensable for defending against carcinogenesis and that dysbiosis and an altered microbiome interrupt normal metabolism and immune defense. LEfSe analysis and cladograms were used to analyze the signature microbiota in breast cancer patients. LDA was used to estimate the difference in the effect size of each taxon among the NC, BN, and BM groups, and LDA scores higher than 2 or lower than –2 were considered significantly different. In LDA, Streptococcus, Campylobacter, and Moraxellaceae were taxa with significantly higher abundances in the BN and BM groups than in the NC group. The elevated abundance of Streptococcus in the gut microbiota is related to gastric cancer occurrence and liver metastasis (Yu et al., 2021). Although no evidence supports a direct relationship between Campylobacter and breast cancer, Campylobacter is related to esophageal cancer occurrence (Poosari et al., 2021). The commonly increased taxa Streptococcus, Campylobacter, and Moraxellaceae in BN and BM subjects could be risk factors for breast cancer occurrence.

Bone is the third most common site of metastasis for solid tumors, including breast, lung, and colorectal cancer, among which breast cancer accounts for 36% of cancer patients with bone metastasis (Hernandez et al., 2018). In addition to causing pain and skeletal-related events in patients, bone metastasis results in a poor prognosis and shorter overall survival and is rarely cured. Bone is the “soil” for metastasis, and disruption of bone homeostasis can create a more favorable environment for the “seeds,” that is, the disseminated tumor cells. Recently, the regulation of the bone microenvironment by gut microbiota has drawn increased attention. Schwarzer et al. (2016) reported that GF mice showed growth retardation because of reduced levels of IGF-1 and, consequently, a reduced bone mass. Additionally, GF mice have a decreased frequency of CD4 (+) T cells (Sjogren et al., 2012) and increased levels of tumor necrosis factor-alpha and receptor activator of nuclear factor kappa-B ligand in the bone (Ohlsson et al., 2017), indicating the interaction of the gut microbiota with bone by regulating the immune response. Thus, we propose that the gut microbiota regulates breast cancer bone metastasis. Our results showed that the alpha diversity was significantly decreased in the NC, BN, and BM groups, with the most distorted gut microbiota in BM patients, consistent with a previous study reporting that the pre-established disruption of commensal homeostasis in breast cancer mice results in enhanced circulating tumor cells (Buchta Rosean et al., 2019). Because the previous study in mice and our results both implied that the decreased diversity promotes bone metastasis of breast cancer, we postulated that the lack of protective gut microbiota in the BM group compared with those in the NC and BN groups accelerates bone metastasis. According to LDA, the high-abundance taxa in the NC and BN groups were similar to those in the BM group. Megamonas and Akkermansia showed significantly higher abundance in both the NC and BN groups. Ubachs et al. (2021) demonstrated that Megamonas was decreased in the feces of cachectic cancer patients; in recurrent pancreatic tumor tissues, Akkermansia was decreased (Jeong et al., 2020). Additionally, Ren et al. (2021) developed the nanoparticle NpRg3 to inhibit hepatocellular carcinoma development and metastasis by elevating the abundance of Verrucomicrobia. The above results and previous studies support that Megamonas and Akkermansia can be diagnostic indexes and therapeutic targets for bone metastasis.

In addition to exploring the gut microbiota in regulating breast cancer occurrence and bone metastasis, we used PICRUSt analysis to predict the biological and pathological processes affected by the distinct microbial profiles among the NC, BN, and BM groups. The common upregulated terms in the BM and BN groups were lipid transportation and metabolism as well as folate biosynthesis. Dysregulation of lipid metabolism is common in breast cancer, and several studies have reported that lipids can be indexes for breast cancer diagnosis and prognosis evaluation (Guo et al., 2020). Zhu et al. (2016) demonstrated that sterol regulatory-element binding protein –1-mediated transcription of lipogenic genes and lipid production are essential for breast cancer development. However, Coleman et al. (2021) reported that folate deprivation or anti-folate therapy inhibits triple-negative breast cancer cell growth by inducing mitochondrial dysfunction. The enhanced lipid transport and metabolism and folate biosynthesis caused by the gut microbiota in the BN and BM groups may participate in breast cancer occurrence.

The common terms enriched in the BM group compared with those in the NC or BN group should be the most likely processes influencing breast cancer bone metastasis. Steroid hormone biosynthesis was significantly upregulated in the BM group, as predicted by PICURSt analysis. Sex steroid levels have long been related to higher breast cancer risk. The breast cancer risk is almost double in subjects with circulating sex steroid levels in the highest quintile compared with those in the lowest quintile, with a hazard ratio of 2.15 [95% confidence interval (CI), 1.87-2.46] for estradiol, 1.81 (95% CI, 1.5-2.10) for estrone, and 2.04 (95% CI, 1.76-2.37) for testosterone (Picon-Ruiz et al., 2017). Li et al. (2016) elucidated that in GF mice, sex steroid deficiency failed to induce trabecular bone loss, and the probiotic Lactobacillus rhamnosus protected against bone loss in normal mice caused by sex steroid deficiency. Furthermore, Flores et al. (2012) reported that the richness and functions of the gut microbiota, including but not limited to β-glucuronidase, influence non-ovarian estrogen levels and affect the risk of estrogen-related conditions. The complex interactions among microbiota, steroids, and bone support that the gut microbiota may regulate steroid hormone levels and thus participate in breast cancer bone metastasis.

The present study needs further improvement. By collecting fecal samples of NCs, BNs, and BMs, we identified the signature gut microbiota involved in breast cancer occurrence and bone metastasis. However, the relatively small sample size restricts further investigation of the causative roles of the signature gut microbiota in breast cancer occurrence and bone metastasis. The present study is the first to report the relationship between gut microbiota and breast cancer metastasis, providing new insights into integrating gut microbiota interference, such as antibiotic or probiotic administration, with regular treatments to help delay or prevent the development of breast cancer. However, some unsolved questions must be mentioned. What are the intrinsic mechanisms by which the signature gut microbiota regulate breast cancer occurrence and bone metastasis? Does interference with the gut microbiota contribute to a better prognosis in breast cancer patients? To what extent could the signature gut microbiota predict breast cancer bone metastasis? These are the unsolved questions that warrant further exploration.



CONCLUSION

In the present study, we collected fecal samples from NC, BN, and BM subjects; performed a comprehensive gut microbiota analysis, and revealed distinct profiles and decreased community diversity in the order of NCs, BNs, and BMs. Various gut microbiota was identified as correlated with breast cancer occurrence and bone metastasis. Streptococcus, Campylobacter, and Moraxellaceae, which showed higher abundance in both the BN and BM groups, were considered related to breast cancer occurrence. The lack of Megamonas and Akkermansia in the BM group compared with those in the NC and BN groups is related to bone metastasis. PICRUSt analysis predicted the biological processes affected by distinct gut microbiota and revealed that lipid transport and metabolism, as well as folate biosynthesis, participate in breast cancer occurrence and that steroid hormone biosynthesis influences bone metastasis. Our study is the first comprehensive analysis of the gut microbiota in NC, BN, and BM subjects and may provide insight into future diagnostic and therapeutic studies in breast cancer occurrence and bone metastasis.
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