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Background

It is well known that obesity is one of the risks for incurrence and development in breast cancer patients. Long non-coding RNAs (lncRNAs) are reported to participate in the composition of tumor microenvironment and to regulate breast cancer cell metabolic activities. However, there was rare study focused on the lncRNAs in breast cancer with the influences of adipocytes. The study aimed to investigate lncRNAs expression profiles and discover potential biomarkers to predict the incidence and progression of adipocyte-associated-breast cancer.



Methods

We co-cultured adipocytes with breast cancer cells and profiled the expression of lncRNAs as well as mRNAs by using the RNA-sequencing method. Wound Healing, Migration assays and Invasion assays were applied to verify the invasion and metastasis of cancer cells.



Results

MDA-MB-231/Hpa-V and SK-BR-3/Hpa-V cells showed elevated migration and invasiveness compared to the control group. A sum of 371 mRNAs (181 upregulated and 190 downregulated) and 850 lncRNAs(414 upregulated and 436 downregulated) were differentially expressed in MDA-MB-231/Hpa-V comparing to MDA-MB-231(P < 0.05; |log2 (fold change)|>1.2). GO enrichment, KEGG pathway and interaction networks demonstrated that differentially expressed lncRNAs were involved in functional categories, such as material metabolism, which might lead to the progression of breast cancer.



Conclusion

Our study detected a lncRNA profile in breast cancer cells affecting by adipocytes and provided a better understanding of the tumor microenvironment. LncRNAs may be helpful to predict the therapeutic responses and prognosis of obese breast cancer patients.
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Backgrounds

The breast cancer remains to be the leading cause of cancer incidences and mortality in United States women, with 276,480 estimated new cases and 42,170 estimated deaths in 2020 (1). Nevertheless, the progress against breast cancer is slowing since 2004 partly attributed to early detection through screening, continued decline in the fertility rate as well as decreased obesity (2).

Obesity is one well-known risk for breast cancer, meanwhile, adipose tissue accounts for almost 30% of body mass in obese women. In the obese population, the crosstalk between cancer cells and adipocytes have the potency to alter the tumor microenvironment, which may explain the alterations of adipocytes in breast cancer development (3). The adipose tissue consists of subcutaneous adipose tissue and visceral adipose tissue, and researchers have reported that the obesity-driven dysfunction of visceral adipose tissue played a major role in the metastasis progress in breast cancer (4). Besides, growing evidence have suggested that abdominal obesity, namely the excess visceral adipose tissue might increase risks for triple negative breast cancer (5).

As far as we know, long non-coding RNAs (lncRNAs) possess more than 200 nucleotides, including intronic, antisense, long intervening non-coding RNAs (lincRNA), competing endogenous RNA (ceRNA) and so on (6). LncRNAs were used to be considered as transcriptional noise, while after considerable researches, lncRNAs are detected to be vital elements in tumor microenvironment, although with a little enigmatic understanding (7). Until now, lncRNAs are reported to modulate breast cancer cell metabolic activities, such as cell proliferation, metastasis, invasion, drug resistance and some other behaviors (8). Besides, the most frequent ways of lncRNAs to regulate cancer biological processes are the cross-talking with microRNAs(miRNAs), sponging miRNAs and the regulation of their expressions namely the lncRNA-miRNA-mRNA network (9, 10).

Also, experts have already discovered precise mechanisms for the effect of obesity or adipocytes on lncRNA expressions (11, 12). Similarly, recent studies have found that lncRNA LINC00689 was associated with obesity and eukaryotic gene expressions (13). However, differential expression profiles of lncRNAs in breast cancer cells with the adipocyte’s influences are unknown.

Therefore, we co-cultured adipocytes and breast cancer cells and analyzed the changes of lncRNAs in breast cancer cells, which might be helpful to find out potential biomarkers to predict the incidence and progression of adipocyte-associated-breast cancer.



Methods


Cell Lines

Human breast cancer cell line MDA-MB-231 and SK-BR-3(SkBr3) was obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China) and the human preadipocyte-visceral Hpa-V was bought from Cellbio Company (Shanghai, China). MDA-MB-231, SkBr3 and Hpa-V cells were both cultured in Dulbecco’s modified Eagle’s medium (DMEM) high glucose (HyClone), supplemented with 10% fetal bovine serum (FBS), and 1%-1.5% penicillin with streptomycin (Cellbio). Both of the cells were incubated at 37°C and 5% CO2 atmosphere.



Cell Co-Culture Experiment

About 4×104 Hpa-V cells were seeded in the upper chamber of transwell assay inserts (pore size of 0.4 mm; Corning) with 1mL serum-free DMEM medium, while 5×105 MDA-MB-231 or SkBr3 cells with DMEM medium containing 10% FBS were added into the lower chamber by a 6-well transwell chamber. The co-cultured MDA-MB-231 or SkBr3 cells were named MDA-MB-231/Hpa-V or SkBr3/Hpa-V. After 48 hours, MDA-MB-231/Hpa-V, SkBr3/Hpa-V and MDA-MB-231, SkBr3 cells on the lower chamber were collected to perform the following experiments.



Wound Healing

Firstly, MDA-MB-231/Hpa-V, SkBr3/Hpa-V, MDA-MB-231 and SkBr3 cells in 6-well plates were cultured to 90-95% confluency. Then a linear wound was scraped by a sterile 200μl Pipette head across the confluent cell layer. Cells were washed thrice by PBS to remove floated cells and debris. After pictured instantly at 0 hour, cells were cultured as mentioned above for another 24 hours and were pictured again. The widths of the wounds were photographed by the camera (Canon, Japan). The ratio of the cell migration area to the initial area represents the migration ability of cells under different treatments. The healing area(%) was calculated as (initial 0h area - residual 24h area)/initial 0h area*100%. All experiments were repeated three times.



Migration Assays

The transwell experiment was used to verify the effect of Hpa-V cells on the transfer ability of MDA-MB-231 or SkBr3 cells. Firstly, cells were digested with trypsin, resuspended in a serum-free medium in the co-culture group and the control group. About 4×104 cells were seeded in the upper chamber of transwell assay inserts (pore size of 8 mm; Corning) with 200μL serum-free DMEM medium, and 600μL DMEM medium containing 20% FBS was added into the lower chamber by a 24-well transwell chamber. After 24 hours of incubation at 37°C, the chamber was fixed with 4% paraformaldehyde (Servicebio),stained with 1% crystal violet (Sangon biotech) and washed softly by PBS. Next, the cells inside the chamber were gently wiped with a cotton swab. Until the chamber was dried, we took pictures with a microscope (Carl ZEISS, USA). All experiments were repeated thrice.



Invasion Assays

Before seeding cells in the upper transwell chamber (pore size of 8 mm; Corning), 100μL mixture (1:8) of Matrigel (Corning, NY, USA) and serum-free DMEM medium (Kaiji, Nanjing, China) were coated on the upper transwell chamber. After 1h for Matrigel concretion, followed steps were similar to migration assays. All experiments were performed triplicated.



Sequencing of lncRNA and mRNA Expression Profiles

5×105 MDA-MB-231/Hpa-V and MDA-MB-231 cells were seeded in a 6-well plate separately. Total RNA was extracted from breast cancer cells and cocultured breast cancer cells by using a miRNeasy Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. The RNA concentrations and purities were measured at 260/280 nm using a NanoDrop 2000 spectrophotometer (Thermo Electron Corporation, USA) and by Bioanalyzer 4200 (Agilent, Santa Clara, CA, USA). The NGS libraries were prepared using HISAT2 for Illumina® (Vazyme, Nanjing, China) and obtained most of the transcripts in this state. The sequenced reads were then compared to the reference genomes, and the genes or transcripts were annotated and quantified.



Differential Expressions of mRNAs and lncRNAs

The mRNAs and lncRNAs with a P value<0.05 and |log2 (fold change)|>1.2 were selected and considered differentially expressed between the compared groups by analysis of DEseq2.



Validation by RT-qPCR

Reverse transcription and quantitative real-time PCR (RT-qPCR) were performed to affirm the sequencing results. A total of 500ng of RNA was reversely transcribed via using HiScript II Q RT SuperMix for qPCR (Vazyme) for cDNA synthesis, and ChamQ SYBR qPCR Master Mix (High ROX Premixed) (Vazyme) was used to perform PCR on StepOnePlus Real-Time PCR System (Thermo Fisher Scientific, USA). The amplication procedure was set as 95°C 3min following 40 cycles of 95°C 10s and 60°C 30s. Then the melting curve was complicated as 15s at 95°C, 1min at 60°C, 15s at 95°C. The relative expressions of lncRNAs were calculated by using the 2−ΔΔCt method with the internal reference being β-actin.



Gene Ontology and KEGG Pathway Analysis

Differentially expressed mRNAs were further analyzed with Gene Ontology (GO) enrichment analysis (http://www.geneontology.org) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database (http://www.genome.jp/kegg) to investigate their functions. P value<0.05 was considered statistically significant.



Co-Expression Network

The interactions between lncRNAs and mRNAs were constructed as a coding-noncoding gene co-expression (CNC) network with Cytoscape (version 3.7.2) software. And the mRNAs correlated with lncRNAs were calculated through enrichment analysis.



Statistical Analysis

We used student’s t-test and chi-squared test analysis to compare continuous variables as mean ± SD and categorical variables as percentages and numbers, respectively by using IBM SPSS Statistics 25.0 or GraphPad Prism 8.0.1. When we were conducting RNA-sequencing analysis, such as hierarchical clustering, GO enrichment, KEGG pathway analysis and co-expression network, we applied the R package with the above mentioned analysis. GraphPad Prism 6.0 and Adobe Photoshop CC were utilized to draw graphs. P < 0.05 was considered to be statistically significant.




Results


Hpa-V Cells Improve the Migration of Breast Cancer Cells

A fixed number of adipocyte Hpa-V was co-cultured with MDA-MB-231 or SkBr3 breast cancer cells for 48 hours. Namely, we used 4*104/5*105 as the Hpa-V/breast cancer cells proportion in the following studies. Wound healing (Figures 1A, B) and transwell migration tests (Figures 1C, D) on MDA-MB-231/Hpa-V and SkBr3/Hpa-V cells showed that the migration ability of MDA-MB-231/Hpa-V or SkBr3/Hpa-V cells were enhanced compared with the control MDA-MB-231 or SkBr3 group. Matrigel invasion experiments concluded that MDA-MB-231/Hpa-V or SkBr3/Hpa-V cells showed increased invasiveness compared with the control group (Figures 1E, F).




Figure 1 | Adipocytes promote invasion and migration of breast cancer cells. (A) wound healing experiment of the MDA-MB-231 or SkBr3 and Hpa-V co-cultured group and the control group (40 magnification); (B) a histogram shows the detailed healing area of the wound healing experiment; (C) transwell migration tests of co-cultured group and the control(200 magnification); (D) a histogram shows the specific vision cell number of transwell migration tests; (E) matrigel invasion tests of co-cultured group and the control(200 magnification); (F) a histogram shows the specific invaded cell number of matrigel invasion tests. MDA-MB-231/H: MDA-MB-231/Hpa-V; SkBr3/H: SkBr3/Hpa-V. **P < 0.01, *P < 0.05. The experiments were performed in triplicate.





The Landscape of mRNAs and lncRNAs Expression of Breast Cancer Cells

We performed transcripts and genes differential expression analysis between MDA-MB-231/Hpa -V and MDA-MB-231 cells as shown in Figure 2 and Tables S1–3. To be more precise, there were 181 upregulated mRNA and 190 downregulated mRNA in MDA-MB-231/Hpa-V and MDA-MB-231 cells after filtering (P < 0.05; |log2 (fold change)|>1.2, Figure 3A, Table S1). And Table 1 listed the top 30 differential genes. A total of 5,811 differential transcripts, including 3,407 protein-coding pattern, corresponding to 372 genes in MDA-MB-231/Hpa-V and MDA-MB-231 cells (P < 0.05; |log2 (fold change)|>1.2, Figure 3B, Table S2). In details, a sum of 850 lncRNAs were differentially expressed. Among them, 414 lncRNAs were upregulated in MDA-MB-231/Hpa-V comparing to MDA-MB-231, while 436 were downregulated (P < 0.05; |log2 (fold change)|>1.2, Figure 3C, Table S3). After filtering the results with the condition as length <2000bp, we found that in the rest lncRNAs, there were 61 lncRNAs upregulated in MDA-MB-231/Hpa-V while 69 downregulated. Among them, the top 30 differential lncRNAs were displayed in Table 2. In order to validate the sequencing outcomes, 3 lncRNAs were randomly selected to be examined by RT-qPCR. The results were consistent with the sequencing (Figure 4).




Figure 2 | The hierarchical clustering heatmaps of differential mRNAs (A), transcripts (B) and lncRNAs (C) after filtered by DEseq2. (P < 0.05, |log2 (fold change)|>1.2). The red color means upregulated, while the green color means downregulated. Exp: the experimental group, namely the MDA-MB-231/Hpa-V co-cultured group and the three samples were listed as A1, A2, A3. Con: the control group, namely the MDA-MB-231 group and the three samples were listed as B1, B2, B3.






Figure 3 | The volcano plots of the differentially expressed mRNAs (A), transcripts (B) and lncRNAs (C). (P < 0.05; |log2 (fold change)|>1.2). The red dots mean upregulated, while the green dots mean downregulated, and the black dots mean no differential expressions.




Table 1 | Top 30 differential genes in MDA-MB-231/H vs MDA-MB-231 cells.




Table 2 | Top 30 differential lncRNAs in MDA-MB-231/H vs MDA-MB-231 cells.






Figure 4 | Verification of 3 differentially expressed lncRNAs(ENST00000621974.1, ENST00000473798.1, ENST00000608741.1). The relative expressions of ENST00000621974.1, ENST00000473798.1 and ENST00000608741.1 were significantly increased in MDA-MB-231/Hpa-V in comparison with MDA-MB-231 cells. MDA-MB-231/H: MDA-MB-231/Hpa-V. *P<0.05. All experiment was performed in triplicate.



As we all know, the lncRNAs can be categorized into six types: 3prime overlapping ncRNA, antisense RNA, lincRNA, processed transcript, sense intronic. A large quantity of differentially expressed lncRNAs shorter than 2000bp was processed transcript, with antisense RNA and lincRNA made up for the majority of the rest (Figures 5A, B). Moreover, expressions of these lncRNAs were relatively high across all samples (almost 39.9% had an FPKM >0.4) (Figure 5C).




Figure 5 | Distribution of differential lncRNAs (A: upregulated, B: downregulated) in breast cancer cells. (C) Distribution of differential lncRNAs abundance(shorter than 2000bp). (A) among the upregulated lncRNAs shorter than 2000bp, 45.90% were processed transcripts, 26.23% were lincRNAs and 21.31% were antisense RNAs; (B) among the downregulated lncRNAs shorter than 2000bp, 47.83% were processed transcripts, 23.19% were lincRNAs and 20.29% were antisense RNAs; (C) 39.9% of the lncRNAs FPKM expression were over 0.4, and 17.05% were over 1.





GO and KEGG Pathway Analysis

To analyze the biological functions of differential mRNAs, we performed GO enrichment analysis. As the results presented, most upregulated mRNAs were involved in interferon receptor activity, pancreatic polypeptide receptor activity, LBD domain binding, lipopolysaccharide receptor complex, ripoptosome, chromatoid body, glycerol-3-phosphate metabolic process, alditol phosphate metabolic process and positive regulation of protein insertion into mitochondrial. Simultaneously, most downregulated mRNAs were associated with hexokinase activity, glucokinase activity, dense body, maintenance of protein location in the mitochondrion (Figure 6).




Figure 6 | Significant GO enrichment terms correlated to differential mRNAs. (A) upregulated mRNAs were involved in interferon receptor activity, pancreatic polypeptide receptor activity, LBD domain binding(the first three biological processes), lipopolysaccharide receptor complex, ripoptosome, chromatoid body (the first three cellular components), glycerol-3-phosphate metabolic process, alditol phosphate metabolic process and positive regulation of protein insertion into mitochondrial(the first three molecular functions); (B) downregulated mRNAs were associated with hexokinase activity, glucokinase activity, N-acetylgalactosamine 4-O-sulfotransferase activity (the first three biological processes), dense body, pi-body, pyruvate dehydrogenase complex (the first three cellular components), maintenance of protein location in the mitochondrion, prostate epithelial cord arborization involved in prostate and prostate glandular acinus morphogenesis(the first three molecular functions).



Then we carried out the KEGG pathway analysis for differential mRNAs. There was an amount of 84 pathways related to the upregulated mRNAs, and 68 signaling pathways were associated with downregulated mRNAs (Figure 7). Specifically, Ribosome biogenesis in eukaryotes and Ribosome (hsa03008 and hsa03010), Glycosylphosphatidylinositol (GPI)-anchor biosynthesis and Glycerophospholipid metabolism (hsa00563 and hsa00564), Phosphonate and phosphinate metabolism(hsa00440) and Platinum drug resistance(hsa01524) were obviously activated, whereas downregulated mRNAs were significantly relevant to Neomycin, kanamycin and gentamicin biosynthesis(hsa00524), Fructose and mannose metabolism(hsa00051), HIF-1 signaling pathway(hsa04066), Central carbon metabolism in cancer(hsa05230), Galactose metabolism(hsa00052), Starch and sucrose metabolism(hsa00500), Carbohydrate digestion and absorption(hsa04973), Type II diabetes mellitus(hsa04930), Amino sugar and nucleotide sugar metabolism(hsa00520), Glycolysis/Gluconeogenesis(hsa00010). The signaling pathway regulating glucose and lipid metabolism were both dysfunctional in breast cancer cells after the treatment of Hpa-V cells.




Figure 7 | KEGG pathway of differential genes. (A) upregulated gene pathway enrichments; (B) downregulated gene pathway enrichments; (C) metabolism associated pathway network. The size of dots represent the gene count; LgP means the statistical significance, the red color means a greater significance than the green color and the horizontal axis shows the concrete value.





Construction of Co-Expression Network

To explore the molecular mechanism of adipocytes’ effects on breast cancer cells, we picked mRNAs related to lipid metabolism and depicted the mRNA-lncRNA gene network. As described in Figure 8, a total of 8 lncRNAs were connected with these metabolism-relative mRNAs. Within the network 34 connections were shown positive and 13 were negative.




Figure 8 | Metabolism related coding-non-coding gene co-expression networks (Blue nodes represent downregulated lncRNAs and mRNAs; red nodes represent upregulated lncRNAs and mRNAs).






Discussion

Adipocytes were found to be the novel therapeutic target for breast cancer patients, due to their mutually active functions with cancer cells, resulting in tumor progression (14). In accordance with previous findings, our study confirmed that adipocytes tended to promote cancer invasion and migration of breast cancer cells. Meanwhile, the communication medium between adipocytes and breast cancer cells were under study. Researchers have already found that abnormal secretion of proinflammatory mediators or proangiogenic factors by adipocytes contributed to a more invasive tumor microenvironment, stimulating the development of breast cancer (15).

LncRNAs are transcripts with over 200 bases and function in transcription regulation of gene expression by influencing DNA methylation or activities of transcription factors, and post-transcription regulation by competing endogenous RNAs or stabilize proteins (16–19). In breast cancer studies, a large number of lncRNAs have been reported to be involved in cancer cell proliferation, apoptosis and metastasis (20–22). However, the role of lncRNAs in the relationship between adipocytes and breast cancer cells remains unclear. Therefore, in our study, we co-cultured breast cancer cells with adipocytes and analyzed the variation of lncRNA profiles in breast cancer cells before and after interactions with adipocytes. We found that 61 lncRNAs whose length were shorter than 2000bp were upregulated in MDA-MB-231/Hpa-V cells in contrast to MDA-MB-231 cells, while 69 lncRNAs were downregulated. Then we randomly selected 3 lncRNAs(ENST00000621974.1, ENST00000473798.1 and ENST00000608741.1) to examine the sequencing results by RT-qPCR and we knew that the results were in consistence. Furthermore, lncRNAs shorter than 2000bp were mainly processed transcript, antisense RNA and lincRNA.

We also analyzed the variation of mRNA profiles in breast cancer cells before and after co-cultured with adipocytes. Then we performed GO enrichment and KEGG pathway analysis to figure out the biological functions of differential mRNAs. The results came that after interacting with adipocytes, breast cancer cells were undergoing several transformations of material metabolism. For instance, the glycerophospholipid, glycosylphosphatidylinositol(GPI), lipopolysaccharide metabolism processes were strengthened to some extent. Additionally, previous literature has already reported that alterations in glucose metabolism of breast cancer cells impaired tumor initiation and metastasis (23). Besides, disordered lipid metabolism in breast cancer cells such as enhanced fatty acid β-oxidation was discovered to promote cancer progression and chemoresistance (24). Here, we could speculate that adipocytes might promote the progression of breast cancer cells by regulating cellular substance metabolism.

Moreover, we focused on the mRNAs correlated to glycolipid metabolism and constructed the mRNA-lncRNA network. In this way, we found the lncRNAs altered by adipocytes, which participated in the glucose and lipid metabolic process of breast cancer cells. Among these lncRNAs, ENST00000625474.1 was discovered to be significantly associated with gastric cancer metastasis and overall survival (25). Besides, transcripts ENST00000524816.7 and ENST00000471245.1 were respectively noncoding regions of gene TRIM29 and CKS1B, which were responsible for breast cancer proliferation, metastasis and invasion (26, 27). ENST00000587299.1 and ENST00000553238.5 participated in the transcription of gene SLC8B1 and ATP6V0A1 that was associated with the invasive process of oral tongue cancer and pancreatic ductal adenocarcinoma, respectively (28, 29). Therefore, lncRNAs may be the vital ingredients in the process of adipocytes induced progression of breast cancer cells.

Simultaneously, with the latest developments in preclinical and clinical medicine, organizations including National Comprehensive Cancer Network(NCCN) have proposed several recommendations for implementation of molecular analysis in the area of cancer risk stratification, therapeutic strategy and management (30). Therefore, with findings in our study, lncRNAs may be good biomarkers to better understand the logic of tumor microenvironment in obese breast cancer patients.
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