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Objective

Human endogenous retroviruses (HERVs) make up 8% of the human genome. HERVs are biologically active elements related to multiple diseases. HERV-K, a subfamily of HERVs, has been associated with certain types of cancer and suggested as an immunologic target in some tumors. The expression levels of HERV-K in breast cancer (BCa) have been studied as biomarkers and immunologic therapeutic targets. However, HERV-K has multiple copies in the human genome, and few studies determined the transcriptional profile of HERV-K copies across the human genome for BCa.



Methods

Ninety-one HERV-K indexes with entire proviral sequences were used as the reference database. Nine raw sequencing datasets with 243 BCa and 137 control samples were mapped to this database by Salmon software. The differential proviral expression across several groups was analyzed by DESeq2 software.



Results

First, the clustering of each dataset demonstrated that these 91 HERV-K proviruses could well cluster the BCa and control samples when the normal controls were normal cells or healthy donor tissues. Second, several common HERV-K proviruses that are closely related with BCa risk were significantly differentially expressed (padj < 0.05 and absolute log2FC > 1.5) in the tissues and cell lines. Additionally, almost all the HERV-K proviruses had higher expression in BCa tissue than in healthy donor tissue. Notably, we first found the expression of 17p13.1 provirus that located with TP53 should regulate TP53 expression in ER+ and HER2+ BCa.



Conclusion

The expression profiling of these 91 HERV-K proviruses can be used as biomarkers to distinguish individuals with BCa and healthy controls. Some proviruses, especially 17p13.1, were strongly associated with BCa risk. The results suggest that HERV-K expression profiles may be appropriate biomarkers and targets for BCa.
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Background

Breast cancer (BCa) is the most common cancer diagnosed in women and is one of the three most common cancers worldwide (1, 2).The heterogeneity, complex etiology, diverse gene mutations, and different clinical manifestations of BCa denote that all kinds of internal and external risk factors may participate in BCa pathogenesis. In addition to external and internal risk factors, genetics and epigenetics can initiate signaling pathways in BCa through the regulation of different genes (3–5).

Previous studies have shown that human endogenous retrovirus (HERV) can stimulate tumor cell proliferation and avoid apoptosis, which is one of the most important factors for tumor progression (6). HERV complete proviruses and genes have been inserted into the host genome, account for approximately 6%–8% of the human genome, and have resided in the human genome for millions of years (7, 8). HERVs are divided into three groups based on exogenous sources: class I (Gammaretrovirus and Epsilonretrovirus-like), class II (Betaretrovirus-like), and class III (Spumaretrovirus-like) (9, 10). Most HERVs have become dysfunctional because of the accumulation of multiple nonsense mutations, and some are still active and may play a role in human disease. The most recent proviruses to invade the human genome ARE the HERV-K (HML-2) family (11–13). Approximately 90 HERV-K proviruses and many smaller elements have been detected in the human genome (14). HERV-K transactivation has been observed in a variety of human cancers, such as leukemia (15), lymphoma (16), BCa (17), and melanoma (18). For instance, the expression of HERV-K envelope protein (Env) in BCa is higher than that in nonmalignant BCa, and some anti-HERV-K-specific monoclonal antibodies can effectively inhibit the growth of BCa cells and induce their apoptosis in vitro and in vivo (17). In addition, HERV-K has multiple copies in the human genome, and some complete open reading frames can be found in HERV-K proviruses. Although HERV-Ks often demonstrate important roles on BCa, studies on the transcriptional activity of this provirus across the human genome are still lacking.

Some investigations have addressed the association between HERV-K mutation and BCa risk. Montesion et al. (19) identified two unique binding sites in each 5′ long terminal repeats that appear to be associated with the induction of promoter activity for BCa. Mark et al. (20) found that Xq21.33 mutated by gene conversion in a subset of African populations is associated with human BCa. Many studies focused on the activity of HERV-K genes and the function on BCa and found that HERV-K env, gag, and pol activities are associated with tumor size, tumor stage, and survival (21, 22). However, HERV-Ks are embedded in many human genome loci and have different sequences and functions. Therefore, determining the transcriptional profiles of these HERV-Ks across the human genome is essential to clarify their potential risk for BCa.



Materials and Methods


RNA-seq Data of BCa and Normal Samples

The RNA sequences of BCa and normal samples were downloaded from the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) database before October 2021. Studies were screened according to the following inclusion and exclusion criteria: (1) the datasets should be samples of BCa and healthy controls; (2) for each dataset, at least three samples were for cancer and controls, respectively; (3) all datasets were raw data obtained by high-throughput sequencing. Datasets treated with drugs or disturbed through gene expression interference were removed. Nine datasets were included in this study. The details of each dataset are shown in Supplementary Table S1.

The datasets included in this study contain RNA sequencing data from nine laboratories. The datasets comprised 199 clinically aggressive BCa samples, 11 normal breast controls from healthy donors, and 109 control tissues adjacent to tumor tissues. Among the 199 BCa samples, 72 ER+ Bca, 13 HER2+ BCa, and 59 triple-negative BCa (TNBC) can be abstracted from the nine datasets. Additionally, 44 samples of BCa cells (MCF7, ZR751, MB361, UACC812, SKBR3, AU565, HCC1954, MB231, MB436, MB468, and HCC1937) and 8 normal control cells (76NF2V and MCF10A) were downloaded from NCBI SRA. The raw sequencing data are publicly available in the NCBI biorepository (https://www.ncbi.nlm.nih.gov/). We downloaded the data using the NCBI SRA Toolkit (Supplementary Table S1). Trimmomatic3 (23) was used to remove adaptors and low-quality reads. FastQC (v0.11.3) was then applied to confirm the quality of the raw reads and trimmed low-quality reads of each sample.



Expression Profiles of HERV-K Proviruses Mapped From Raw RNA-seq Data

The identified HERV-K proviruses are not well annotated in public databases. Therefore, we downloaded the FASTA sequences of the 91 HERV-K proviruses deposited in NCBI (GenBank ID JN675007–JN675097) (24). The FASTA sequence files of the 91 HERV-K proviruses were matched with the GRCh38 cDNA FASTA files downloaded from Ensembl to determine the transcriptional profiles of these human genes. In this study, the expression of HERV-K was analyzed by defining the entire proviral sequence as a single transcript but not the individual potential spliced transcripts. Salmon software (25), capable of fast and bias-aware quantification of transcript expression, was used to create an index database and a count matrix over the full human transcriptome joining with the HERV-K file. Index building, for example, was written as salmon index -t GRCh38_HERVK_trans.fa -i trans_HERVK_index, and count matrix computing was expressed as salmon quant -i./trans_HERVK_index/-l A -1 GSE96860_1P.fastq -2 GSE96860_2P.fastq -o./salmon/SRR/–validate Mappings. Finally, we selected the read counts matrix assigned to the 91 HERV-K loci.



Statistical Analysis of HERV-K Expression Between Tumors and Controls

Transcript abundance reads were evaluated by the Salmon package in R software (version 4.1.1) using tximport (26). In view of the different sample sequencing depths, transcript abundance was normalized for each dataset using the R Bioconductor package, DESeq2 (27). This method allowed us to confirm the normalization of HERV-K expression across the proviral loci by sample. The differential expression of HERV-K was defined by comparing BCa and healthy donors or adjacent normal tissues or between BCa cells and normal breast cells. Additionally, the different expression of HERV-K was further analyzed between BCa subtypes (ER+, HERS+, and TNBC) and normal controls. If the p-adjusted value (padj) was under 0.05 and the absolute value of the log2 fold change (|log2FC|) was greater than 1.5, then these HERV-K proviruses had significant differential expression (24, 28).




Results


Characteristics of HERV-K Expression Signatures Across Different Studies Among Nine Datasets

All raw sequencing data and clinic information downloaded from the Gene Expression Omnibus and NCBI SRA were mapped to the 91 HERV-K provirus indexes by Salmon software. After the transcripts from the RNA-seq data were quantified, dataset GSE111842 was removed because the number of HERV-K reads in this dataset was almost zero. DEseq2 software was used to normalize the remaining eight datasets. DEseq2 was used to compare the digital expression between BCas and controls in the eight datasets separately to obtain the differentially expressed HERV-Ks in each dataset. Except GSE183947, several different proviruses were detected in each dataset (padj < 0.05 and |log2FC|). The detailed information of the eight datasets and the number of differentially expressed HERV-Ks identified from each dataset are shown in Supplementary Table S2. The results indicated that the total number of different proviruses was higher in BCa tissues than in normal tissues from healthy donors, but few different proviruses were discovered between tumors and adjacent normal tissues. Additionally, the proviruses indicated opposite expression profiles under different control cells (76NF2V and MCF10A).



Differential Expression Levels of HERV-Ks in Tumor Cells Compared With Healthy Control Cells

According to the cell definitions of Chappell et al. (29) and Subik et al. (30), we selected three types of BCa cell lines (ER+, HER2+, and TNBC). Therefore, datasets GSE96860, MCF7 (ER+), AU565 (HER2+), MB231 (TNBC), and MB468 (TNBC) were included as cancer cell lines, and MCF10A and 76NF2V were selected as the normal healthy cell lines. Tumor cells (MB231 and BRCA1−/−) and normal healthy cells (MCF10A) in dataset GSE171957 were considered. After the normalized data were analyzed by DEseq2 software, the general cluster of HERV-K expression profiles across all samples was visualized in the HERV-K expression heatmap (Supplementary Figures S1–S3). The results showed that the expression of HERV-K proviruses could well cluster cancer and control cells separately. This finding indicates that the expression of these 91 HERV-Ks can be used as potential markers for BCa cells.

The differential proviral expression between BCa and control cells was calculated. Compared with normal 76NF2V cells in dataset GSE96860, most of the differentially expressed proviruses were upregulated in BCa cells. However, almost all remarkably different proviral loci were downregulated compared with normal MCF10A cells (Figure 1). This condition was also reflected in dataset GSE171957. The main reason could be the higher expression of HEVR-K proviruses in MCF10A cells than in 76NF2V cells (Supplementary Figure S4 and Supplementary Table S4). 1q22 was downregulated in AU565 and MCF7 cells based on the comparison of both normal cells. 2q21.1 was significantly expressed in all groups in the normal cell line, 76NF2V (padj < 0.05 and |log2FC| >1.5). Compared with normal MCF10A cells, the provirus in locus 6q14.1 was expressed much more in BCa cells than in control cells (Figures 1B–E) with padj < 3.03 × 10−5 and |log2FC| >5 across all conditions. Five proviruses (1p31.1, 1q22, 6p11.2, 6q14.1, and 14q11.2) were significantly differentially expressed in AU565 (HER2+), MB468 (TNBC), and MCF7 (ER+) cells (padj < 0.05 and |log2FC| >1.5). Locus 17p13.1 located in the TP53 gene had a much higher expression in AU565 (HER2+) cells than in 76NF2V (log2FC = 7.46) and MCF10A cells (log2FC = 7.45). These results indicate that the expression of HERV-K proviruses has high heterogeneity in different cells.




Figure 1 | Statistical results of BCa and normal control cells. The row is the loci of HERV-K proviruses, and the column is the cell comparison.





Abnormal Overexpression of HERV-Ks Discovered in BCa Tissues Compared With Control Tissues From Healthy Donors

Six tissue datasets of raw sequencing data, namely, GSE45419, GSE52194, GSE58135, GSE133998, GSE103001, and GSE183947, were downloaded from the NCBI SRA database. In these datasets, the controls of two datasets (GSE45419 and GSE52194) were benign epithelial cells or normal human breast organoids from healthy donors, and the other four datasets (GSE58135, GSE133998, GSE103001, and GSE183947) were obtained from adjacent breast tissues. The samples were categorized as ER+, HER2+, and TNBC BCa if the tumor types could be mined from the clinical information. After the clustering of the datasets for ER+, HER2+, and TNBC BCa samples and controls, almost all cancer samples and normal controls could be separated in two datasets (GSE45419 and GSE52194). Most of the expressed proviral loci were higher in BCa tissues compared with controls as demonstrated by the heatmap of HERV-K expression profile (Supplementary Figure S5). However, except for GSE183947, the clustering of normalized data showed that the BCa and control samples were mixed together in all datasets if the control samples used were normal tissues adjacent to cancer tissues (Supplementary Figures S6–S9). Differentially expressed proviruses between the BCa tissues and control samples from each dataset were analyzed. Among all datasets with tissue sequencing, the normal control samples from GSE45419 and GSE52194 were healthy donors without BCa, and the controls from other datasets were adjacent normal tissue. The analysis results showed that many different abnormal HERV-Ks were found in the two datasets when the control samples were from normal healthy donors, but few different HERV-Ks were found in the other five datasets (Figure 2). Almost all the remarkably different proviruses in two datasets (GSE45419 and GSE52194) had higher expression in the BCa samples than the control samples. 19q13.12b had a much higher expression in the ER+, HER2+, and TNBC groups (padj < 0.05, |log2FC| >1.5) in datasets GSE45419 and GSE52194. Locus 1q23.3 was found to be the common abnormal locus with abnormally higher HERVK expression in the TNBC and HER2+ groups of two datasets (GSE45419 and GSE52194). 17p13.1 was expressed higher in the ER+ and HER2+ groups in dataset GSE45419, and 3q12.3 was remarkably overexpressed in ER+ BCa tissue.




Figure 2 | Statistical comparison of several BCa cell lines to normal controls from healthy donors. The row is the loci of HERV-K proviruses, and the column is the comparison of tumor subtypes to normal tissue.



A further analysis of the composition of the sample in GSE183947 revealed that the breast tumor samples in this dataset included 15 metastatic or 15 unmetastatic samples. These results indicate that HERV-Ks are expressed in BCa tissues and adjacent control samples, but if the tumor tissues are in the progress of metastasis, HERV-Ks will have different expression levels (Supplementary Figure S10).



Expression of 17p13.1 Provirus Was Closely Related to the Expression of Tumor Protein p53

17p13.1 located in tumor protein p53 (TP53) had a higher expression in the ER+ and HER2+ BCa samples than in normal cells and tissues. TP53 is a very important tumor suppressor protein. TP53 expression across several groups was analyzed to clarify the relation between 17p13.1 and TP53. Contrary to the expression of 17p13.1 provirus, the expression of TP53 was lower in AU565 than in MCF10A (p = 0.025) and 76NF2V (p < 0.001). 17p13.1 provirus in AU565 was expressed in each sample, but the control MCF10A had zero expression in all samples. In dataset GSE45419, a lower expression was found in the ER+ (p = 0.001) and HER2+ (0.012) normal samples. Compared with the controls in dataset GSE45419, when the 17p13.1 provirus was expressed, TP53 had a low expression in the TNBC samples (Supplementary Table S3). Additionally, in dataset GSE52194, although no remarkable overexpression was found in the HER2+ BCa samples, the log2FC was 1.838. TP53 expression was lower in the HER2+ BCa samples than the normal samples (log2FC = −0.957) (Figure 3). The results indicate that the expression of 17p13.1 provirus is closely related to TP53 expression in the ER+, HER2+, and TNBC BCa samples.




Figure 3 | Box plot of TP53 with significantly different expression in two datasets. (A) TP53 expression in MCF10A and AU565 (HER2+) cells. (B) TP53 expression in 76NF2V and AU565 (HER2+) cells. (C) TP53 expression in control and ER+ BCa tissues. (D) TP53 expression in control and HERS2+ BCa. *P < 0.05; **P < 0.01; ***P < 0.001.






Discussion

HERV-K expression is frequently inhibited in normal cells from healthy adults, but their mRNA expression increases in tumor cells (31). However, the expression of multiple HERV-K copies in the human genome for BCa lacks a clear description. Previous reports focused on the relation of total HERVK expression with BCa but not on the whole-genome details of the loci. In this study, we mined the literature, downloaded raw sequencing data from the NCBI SRA database, and used Salmon software to map the 91 HERV-K indexes. The healthy cell lines and control breast tissues from healthy donors were compared, and the results showed that the 91 HERV-Ks could distinguish cancer and control samples. However, if the controls were from adjacent normal tissues, the tumor and control samples cannot be clustered clearly according the expression of the 91 HERV-Ks. Second, two controls (normal samples from healthy donors and para-carcinoma tissue) were tested to analyze the different expressing provirus between tumor and control tissues. The results showed that several HERV-K proviruses, such as 17p13.1, 19q13.12b, and 1q23.3, had remarkably different expression levels between BCa and controls across several datasets. Third, the expression of HERV-K proviruses showed high heterogeneity in different cells and cancer types. Additionally, most of the remarkably expressing HERV-Ks were increased in BCa compared with normal tissue controls.

HERVs are a substantial part of the human genome, but most of them remain transcriptionally silent. In this study, 91 HERV-Ks, whose entire proviral sequence was defined as a single transcript, were analyzed. According to all the heatmap clustering of all the datasets, except the controls from para-carcinoma tissues, the 91 HERV-Ks can well split cancer and control samples. The expression profiles of the 91 HERV-K proviruses can be used as biomarkers to cluster BCa and healthy control samples. In BCa, HERV-K expression is about 26% in tumor tissues and 18% in adjacent normal breast tissues (32). Many investigations discovered that HERV-K expression in the blood is elevated at the early stage of BCa and further increases in patients who are at risk of developing a metastatic disease (33). Additionally, HERV-K can be a novel target for BCa immunotherapy (17, 34, 35). Kaplan et al. (20) showed the possible increased prevalence of Xq21.33 provirus in post-menopausal Nigerian women with BCa. In our studies, we also discovered that the expressing profile of 91 HERV-K proviruses can separate cancer samples between metastasis and adjacent normal breast tissues. Golan et al. (32) also found a remarkable correlation between HERV-K RT expression and the poor prognosis of disease-free patients who continued to develop the disease. Saini et al. (36) indicated that several genes in the HERV-K family, including env, gag, and np9 mRNA expression levels, are increased in BCa cells and can be used as biomarkers for early BCa diagnosis. The expression of HERV-K env gene was related to tumor size, tumor stage, and lymph node metastasis. Moreover, compared with those with moderate or low HERV-K env expression, the population with high HERV-K env expression has increased overall survival (37). Additionally, HERV-K gag mRNA also has a higher expression in patients with metastatic BCa than those with benign tumors (33). Saini et al. (36) uncovered the T-cell recognition of HERVs in myeloid malignancies and indicated that HERVs are potential targets for immunotherapy.

In about half of all human cancers, the tumor suppressor gene, TP53, located at 17p13.1, is lost or mutated. In our study, the expression of a particular provirus was found to be remarkably higher in BCa than in normal controls. The functionality of p53 on BCa has been confirmed by many studies. The loss of p53 protein function influences the cell cycle checkpoint control and apoptosis, as well as the regulation of other important stages of metastatic progressions, such as cell migration and tissue invasion (38). Primary BCa tumors with loss of TP53 copies have a poorer prognosis and a higher chance of metastasis (38). In BCa, loss of heterozygosity on 17p is a frequent event, and is the p53 gene on 17p13.1 is a likely target (39). Sequence aligning by BLAST showd that TP53 is mapped to 1,168,421–1,187,490 bp in 17p13.1, and HERV-K (JN675075.1) is located in 1,556,337–1,563,901 bp. In our study, we found that the expression of 17p13.1 provirus was closely related with TP53 expression in the ER+, HER2+, and TNBC BCa cells. Runnebaum et al. (40) found that p53 transdominantly suppresses the tumor formation of human BCa cells mediated by retroviral bulk infection without marker gene selection. However, the mechanism of 17p13.1 provirus on TP53 expression needs to be verified.

In this study, except for 17p13.1, multiple other loci of HERV-K proviruses were related to BCa. 11p15.4 was upregulated in all cancer types in dataset GSE45419 and AU565 cell lines. Montesion et al. (19) indicated that 11p15.4 provirus displays increased activity in almost all human BCa cell lines. Based on the sequences of 2,504 individuals from the 1,000 Genomes Project, they also discovered that the active form of the 11p15.4 site is polymorphic within the human population. León et al. (41) detected that the BCa-associated gene 3 (BCA3, AKIP1) is located on 11p15.4. This gene can regulate the effect of the cAMP-dependent protein kinase signaling pathway on the NF-kappa-B activation cascade (42). In our study, 3q12.3 was remarkably overexpressed in ER+ BCa tissue and cells. This result was similar to the results of Montesion et al. (19).

BCa is a heterogeneous disease with different characteristics in distinct histological, molecular, and clinical phenotypes. In our study, the expression of HERV-K proviruses had high heterogeneity in different cells and cancer types. Johanning et al. (43) reported that HERV-K env expression depends on the BCa subtype; it was detected in normal breast tissues and was remarkably upregulated in basal BCa subtypes.

However, the present investigation only focused on the expression of 91 HERV-K proviruses from the entire proviral sequences of BCa and control samples. In addition, the HERV-K genes such as env and gag are important targets that affect BCa progression. Therefore, future investigation is needed to explore the gene function of particular HERV-K proviruses across the whole genome and provide targets for immunotherapy. Lastly, the expression of HERV-K proviruses had high heterogeneity in different cells and cancer types. More samples are needed to further verify the correlation between HERV-K expression and BCa.



Conclusion

The current investigations provide many evidences that the expression profiles of HEVR-K proviruses can be a useful biomarker for BCa. Several HERV-K proviruses are overexpressed in BCa as compared with normal breast controls. The large difference in the expression profiles of HERV-K proviruses indicated that HERV-K expression could be an intriguing target of a tumor-specific antigen for BCa. Future explorations are needed to investigate the differential expression of HERV-K genes to use HERV-K expression as a tool for disease stratification and immunotherapy. The expression of 17p13.1 provirus could regulate TP53 expression and BCa progression, especially ER+ and HER2+ BCa.
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Supplementary Figure S1 | Heatmap of tumor and control 76NF2V cells in dataset GSE96860. In all the legends in each cluster, N denotes normal controls, and C denotes tumor samples. (A) Comparison of AU565 and 76NF2V; (B) comparison of MB468 and 76NF2V; (C) comparison of MCF7 and 76NF2V; (D) comparison of MDAMB231 and 76NF2V.

Supplementary Figure S2 | Heatmap of tumor and control MCF10A cells in dataset GSE96860. In each cluster, N denotes the normal controls, and C denotes the tumor samples. (A) Comparison of AU565 and MCF10A; (B) comparison of MB468 and MCF10A; (C) comparison of MCF7 and MCF10A; (D) comparison of MDAMB231 and MCF10A.

Supplementary Figure S3 | Heatmap of tumor and control cells in dataset GSE171957. In each cluster, N denotes the normal controls, and C denotes the tumor samples. (A) Comparison of BRCA1 wild-type ductal primary breast tumor and MCF10A; (B) comparison of TNBC and MCF10A tissues.

Supplementary Figure S4 | Heatmap of 76NF2V and MCF10A cells in dataset GSE96860. MCF denotes MCF10A cells, and X76NF2V is 76NF2V cells.

Supplementary Figure S5 | Heatmap of tumor tissue and normal control tissue from healthy donors. (A) ER+ BCa versus control tissue in dataset GSE45419; (B) HER2+ BCa versus control tissue in dataset GSE45419; (C) TNBC versus control tissue in dataset GSE45419; (D) HER2+ BCa versus control tissue in dataset GSE52194; E: TNBC versus control tissue in dataset GSE52194. In all legends in each cluster, N denotes normal tissue controls, and C denotes tumor tissues.

Supplementary Figure S6 | Heatmap of tumor tissue (ER+) and adjacent normal tissue in dataset GSE58135. In all legends in each cluster, N denotes adjacent normal tissues, and C denotes tumor samples.

Supplementary Figure S7 | Heatmap of tumor tissue (TNBC) and the adjacent normal tissue in dataset GSE58135. In all legends in each cluster, N denotes the adjacent normal tissues, and C denotes tumor samples.

Supplementary Figure S8 | Heatmap of tumor tissue and adjacent normal tissue in dataset GSE103001. In the legends in each cluster, N denotes adjacent normal tissues, and C denotes tumor samples.

Supplementary Figure S9 | Heatmap of tumor tissue and adjacent normal tissue in datasets GSE133998 and GSE183947. In all legends in each cluster, N denotes adjacent normal tissue, and C denotes tumor tissue.

Supplementary Figure S10 | Heatmap of tumor tissue and adjacent normal tissue featuring metastatis in dataset GSE183947. TumorM indicates the tumor tissue with metastasis, TumorP indicates the tumor tissue without metastasis, NormalM indicates adjacent normal tissue with metastasis, and NormalP indicates adjacent normal tissue without metastasis.



References

1. Ferlay, J, Soerjomataram, I, Dikshit, R, Eser, S, Mathers, C, Rebelo, M, et al. Cancer Incidence and Mortality Worldwide: Sources, Methods and Major Patterns in GLOBOCAN 2012. Int J Cancer (2015) 136:E359–86. doi: 10.1002/ijc.29210

2. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2021) 71(3):209–49. doi: 10.3322/caac.21660

3. Brouckaert, O, Rudolph, A, Laenen, A, Keeman, R, Bolla, MK, Wang, Q, et al. Reproductive Profiles and Risk of Breast Cancer Subtypes: A Multi-Center Case-Only Study. Breast Cancer Res BCR (2017) 19:119. doi: 10.1186/s13058-017-0909-3

4. Dyrstad, SW, Yan, Y, Fowler, AM, and Colditz, GA. Breast Cancer Risk Associated With Benign Breast Disease: Systematic Review and Meta-Analysis. Breast Cancer Res Treat (2015) 149:569–75. doi: 10.1007/s10549-014-3254-6

5. Sun, YS, Zhao, Z, Yang, ZN, Xu, F, Lu, HJ, Zhu, ZY, et al. Risk Factors and Preventions of Breast Cancer. Int J Biol Sci (2017) 13:1387–97. doi: 10.7150/ijbs.21635

6. Gonzalez-Cao, M, Iduma, P, Karachaliou, N, Santarpia, M, Blanco, J, and Rosell, R. Human Endogenous Retroviruses and Cancer. Cancer Biol Med (2016) 13:483–8. doi: 10.20892/j.issn.2095-3941.2016.0080

7. Hughes, JF, and Coffin, JM. Evidence for Genomic Rearrangements Mediated by Human Endogenous Retroviruses During Primate Evolution. Nat Genet (2001) 29:487–9. doi: 10.1038/ng775

8. Lander, ES, Linton, LM, Birren, B, Nusbaum, C, Zody, MC, Baldwin, J, et al. Initial Sequencing and Analysis of the Human Genome. Nature (2001) 409:860–921. doi: 10.1038/35057062

9. Blomberg, J, Benachenhou, F, Blikstad, V, Sperber, G, and Mayer, J. Classification and Nomenclature of Endogenous Retroviral Sequences (ERVs): Problems and Recommendations. Gene (2009) 448:115–23. doi: 10.1016/j.gene.2009.06.007

10. Vargiu, L, Rodriguez-Tomé, P, Sperber, GO, Cadeddu, M, Grandi, N, Blikstad, V, et al. Classification and Characterization of Human Endogenous Retroviruses; Mosaic Forms are Common. Retrovirology (2016) 13:7. doi: 10.1186/s12977-015-0232-y

11. Dewannieux, M, Harper, F, Richaud, A, Letzelter, C, Ribet, D, Pierron, G, et al. Identification of an Infectious Progenitor for the Multiple-Copy HERV-K Human Endogenous Retroelements. Genome Res (2006) 16:1548–56. doi: 10.1101/gr.5565706

12. Kraus, B, Boller, K, Reuter, A, and Schnierle, BS. Characterization of the Human Endogenous Retrovirus K Gag Protein: Identification of Protease Cleavage Sites. Retrovirology (2011) 8:21. doi: 10.1186/1742-4690-8-21

13. Lee, YN, and Bieniasz, PD. Reconstitution of an Infectious Human Endogenous Retrovirus. PloS Pathog (2007) 3:e10. doi: 10.1371/journal.ppat.0030010

14. Grabski, DF, Ratan, A, Gray, LR, Bekiranov, S, Rekosh, D, Hammarskjold, ML, et al. Human Endogenous Retrovirus-K mRNA Expression and Genomic Alignment Data in Hepatoblastoma. Data Brief (2020) 31:105895. doi: 10.1016/j.dib.2020.105895

15. Depil, S, Roche, C, Dussart, P, and Prin, L. Expression of a Human Endogenous Retrovirus, HERV-K, in the Blood Cells of Leukemia Patients. Leukemia (2002) 16:254–9. doi: 10.1038/sj.leu.2402355

16. Contreras-Galindo, R, Kaplan, MH, Leissner, P, Verjat, T, Ferlenghi, I, Bagnoli, F, et al. Human Endogenous Retrovirus K (HML-2) Elements in the Plasma of People With Lymphoma and Breast Cancer. J Virol (2008) 82:9329–36. doi: 10.1128/JVI.00646-08

17. Wang-Johanning, F, Rycaj, K, Plummer, JB, Li, M, Yin, B, Frerich, K, et al. Immunotherapeutic Potential of Anti-Human Endogenous Retrovirus-K Envelope Protein Antibodies in Targeting Breast Tumors. J Natl Cancer Inst (2012) 104:189–210. doi: 10.1093/jnci/djr540

18. Büscher, K, Trefzer, U, Hofmann, M, Sterry, W, Kurth, R, and Denner, J. Expression of Human Endogenous Retrovirus K in Melanomas and Melanoma Cell Lines. Cancer Res (2005) 65:4172–80. doi: 10.1158/0008-5472.CAN-04-2983

19. Montesion, M, Williams, ZH, Subramanian, RP, Kuperwasser, C, and Coffin, JM. Promoter Expression of HERV-K (HML-2) Provirus-Derived Sequences is Related to LTR Sequence Variation and Polymorphic Transcription Factor Binding Sites. Retrovirology (2018) 15:57. doi: 10.1186/s12977-018-0441-2

20. Kaplan, MH, Contreras-Galindo, R, Jiagge, E, Merajver, SD, Newman, L, Bigman, G, et al. Is the HERV-K HML-2 Xq21.33, an Endogenous Retrovirus Mutated by Gene Conversion of Chromosome X in a Subset of African Populations, Associated With Human Breast Cancer? Infect Agents Cancer (2020) 15:19. doi: 10.1186/s13027-020-00284-w

21. Tavakolian, S, Goudarzi, H, and Faghihloo, E. Evaluating the Expression Level of HERV-K Env, Np9, Rec and Gag in Breast Tissue. Infect Agents Cancer (2019) 14:42. doi: 10.1186/s13027-019-0260-7

22. Wang-Johanning, F, Radvanyi, L, Rycaj, K, Plummer, JB, Yan, P, Sastry, KJ, et al. Human Endogenous Retrovirus K Triggers an Antigen-Specific Immune Response in Breast Cancer Patients. Cancer Res (2008) 68:5869–77. doi: 10.1158/0008-5472.CAN-07-6838

23. Bolger, AM, Lohse, M, and Usadel, B. Trimmomatic: A Flexible Trimmer for Illumina Sequence Data. Bioinf (Oxf Engl) (2014) 30:2114–20. doi: 10.1093/bioinformatics/btu170

24. Grabski, DF, Ratan, A, Gray, LR, Bekiranov, S, Rekosh, D, Hammarskjold, ML, et al. Upregulation of Human Endogenous Retrovirus-K (HML-2) mRNAs in Hepatoblastoma: Identification of Potential New Immunotherapeutic Targets and Biomarkers. J Pediatr Surg (2021) 56:286–92. doi: 10.1016/j.jpedsurg.2020.05.022

25. Patro, R, Duggal, G, Love, MI, Irizarry, RA, and Kingsford, C. Salmon Provides Fast and Bias-Aware Quantification of Transcript Expression. Nat Methods (2017) 14:417–9. doi: 10.1038/nmeth.4197

26. Soneson, C, Love, MI, and Robinson, MD. Differential Analyses for RNA-Seq: Transcript-Level Estimates Improve Gene-Level Inferences. F1000Research (2015) 4:1521. doi: 10.12688/f1000research.7563.1

27. Love, MI, Huber, W, and Anders, S. Moderated Estimation of Fold Change and Dispersion for RNA-Seq Data With Deseq2. Genome Biol (2014) 15:550. doi: 10.1186/s13059-014-0550-8

28. Jörnsten, R, Wang, HY, Welsh, WJ, and Ouyang, M. DNA Microarray Data Imputation and Significance Analysis of Differential Expression. Bioinf (Oxf Engl) (2005) 21:4155–61. doi: 10.1093/bioinformatics/bti638

29. Chappell, K, Manna, K, Washam, CL, Graw, S, Alkam, D, Thompson, MD, et al. Multi-Omics Data Integration Reveals Correlated Regulatory Features of Triple Negative Breast Cancer. Mol Omics (2021) 17:677–91. doi: 10.1039/D1MO00117E

30. Subik, K, Lee, JF, Baxter, L, Strzepek, T, Costello, D, Crowley, P, et al. The Expression Patterns of ER, PR, HER2, CK5/6, EGFR, Ki-67 and AR by Immunohistochemical Analysis in Breast Cancer Cell Lines. Breast Cancer basic Clin Res (2010) 4:35–41. doi: 10.1177/117822341000400004

31. Curty, G, Marston, JL, de Mulder Rougvie, M, Leal, FE, Nixon, DF, and Soares, MA. Human Endogenous Retrovirus K in Cancer: A Potential Biomarker and Immunotherapeutic Target. Viruses (2020) 12(7):726. doi: 10.3390/v12070726

32. Golan, M, Hizi, A, Resau, JH, Yaal-Hahoshen, N, Reichman, H, Keydar, I, et al. Human Endogenous Retrovirus (HERV-K) Reverse Transcriptase as a Breast Cancer Prognostic Marker. Neoplasia (New York NY) (2008) 10:521–33. doi: 10.1593/neo.07986

33. Wang-Johanning, F, Li, M, Esteva, FJ, Hess, KR, Yin, B, Rycaj, K, et al. Human Endogenous Retrovirus Type K Antibodies and mRNA as Serum Biomarkers of Early-Stage Breast Cancer. Int J Cancer (2014) 134:587–95. doi: 10.1002/ijc.28389

34. Rycaj, K, Plummer, JB, Yin, B, Li, M, Garza, J, Radvanyi, L, et al. Cytotoxicity of Human Endogenous Retrovirus K-Specific T Cells Toward Autologous Ovarian Cancer Cells. Clin Cancer Res (2015) 21(2):471–83. doi: 10.1158/1078-0432.CCR-14-0388

35. Krishnamurthy, J, Rabinovich, BA, Mi, T, Switzer, KC, Olivares, S, Maiti, SN, et al. Genetic Engineering of T Cells to Target HERV-K, an Ancient Retrovirus on Melanoma. Clin Cancer Res (2015) 21(14):3241–51. doi: 10.1158/1078-0432.CCR-14-3197

36. Saini, SK, Ørskov, AD, Bjerregaard, AM, Unnikrishnan, A, Holmberg-Thydén, S, Borch, A, et al. Human Endogenous Retroviruses Form a Reservoir of T Cell Targets in Hematological Cancers. Nat Commun (2020) 11:5660. doi: 10.1038/s41467-020-19464-8

37. Zhao, J, Rycaj, K, Geng, S, Li, M, Plummer, JB, Yin, B, et al. Expression of Human Endogenous Retrovirus Type K Envelope Protein is a Novel Candidate Prognostic Marker for Human Breast Cancer. Genes Cancer (2011) 2:914–22. doi: 10.1177/1947601911431841

38. Vasconcelos, DS, da Silva, FP, Quintana, LG, Anselmo, NP, Othman, MA, Liehr, T, et al. Numerical Aberrations of Chromosome 17 and TP53 in Brain Metastases Derived From Breast Cancer. Genet Mol Res GMR (2013) 12:2594–600. doi: 10.4238/2013.January.4.15

39. Cornelis, RS, van Vliet, M, Vos, CB, Cleton-Jansen, AM, van de Vijver, MJ, Peterse, JL, et al. Evidence for a Gene on 17p13.3, Distal to TP53, as a Target for Allele Loss in Breast Tumors Without P53 Mutations. Cancer Res (1994) 54:4200–6. doi: 10.1016/0165-4608(94)90315-8

40. Runnebaum, IB, and Kreienberg, R. p53 Trans-Dominantly Suppresses Tumor formation of Human Breast Cancer Cells Mediated by Retroviral Bulk Infection Without Marker Gene Selection: An Expeditious In Vitro Protocol with Implications Towards Gene Therapy. Mol Carcinogen (1995) 14(2):153–7. doi: 10.1089/hyb.1995.14.153

41. León, DA, and Cànaves, JM. In Silico Study of Breast Cancer Associated Gene 3 Using LION Target Engine and Other Tools. BioTechniques (2003) 35:1222–6, 1228, 1230-1.


42. Gao, N, Hibi, Y, Cueno, M, Asamitsu, K, and Okamoto, T. A-Kinase-Interacting Protein 1 (AKIP1) Acts as a Molecular Determinant of PKA in NF-kappaB Signaling. J Biol Chem (2010) 285:28097–104. doi: 10.1074/jbc.M110.116566

43. Johanning, GL, Malouf, GG, Zheng, X, Esteva, FJ, Weinstein, JN, Wang-Johanning, F, et al. Expression of Human Endogenous Retrovirus-K is Strongly Associated With the Basal-Like Breast Cancer Phenotype. Sci Rep (2017) 7:41960. doi: 10.1038/srep41960




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Wei, Wei, Wei, Tan, Chen, Liao, Xie, Wei, Li, Liu, Dai, Khan, Pang, Hassan, Xiong, Zhang, Leng, Lv and Hu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-12-820883-g002.jpg
GSE45419 GSES2194 GSESS135

loci ER+  HER2+ TNBC  HER2:+  TNBC  TNBC  ER COFI0300IGSEISIONE o
1p31.1  1.77271 / / / / / / 8
1p36.21a / / / / / / / / 7
1p36.21b / / / 1.83 3.21 / / / / 6
1921.3 / / / / 1.53 / / / / 5
1923.3 / 2.10 2.27 2.29 1.57 / / / / 4
1q24.1  1.66 / / 1.84 2.96 / / / J 3
1932.2 / / / 2.01 2.30 / / / / 2
1943 / / / 1.68 / / / / / 1
3p25.3 i / / / 1.76 / / / j 0
3pl12.3 / / / / / / / / 37
3g12.3 276 2.20 / / / / / / /
3g13.2 / ¢ / 2.37 2.61 / / / /
3q21.2 / / B / / / / /
3g27.2 / 1.66 / / / / /
4p16.1b  2.24 2.26 / / / / / f
4p16.3a / / / 1.67 / / / / /
4q32.1 / / / 3.10 / / / /
4q13.2 / J / 2.40 / / / /
4q35.2 / / / 2.20 3.54 / / / /
5p12 / / / 472 618 / / / /
5p13.3 / / / 295 / A 0 /
5q33.3 / / / 2.83 2.63 / / / /
6pl1.2 / 1.55 / / / / / / /
6p22.1 / / / / 2.81 / / / /
7q11.21 / / / 2.67 3.50 / / / /
7q22.2 / / / 1.70 2.36 / / / /
7q34 / / / 2.75 2.00 / / / /
7p22.1b / / / / / 1.54 / / /
8p22 / / / / 638 / / / /
8p23.1b 227 / / 2.65 2.23 / / / /
8p23.1c / / / 2.59 .57 / / / /
8q24.3a / / 55 / / / / /
9q34.3 / / / / 2.54 / / / /
8q24.3b / / / / 1.96 / / / /
8q11.1 / / / / 3.43 / / / j
9q34.11 / / / 3.41 2.93 / / / /
10p12.1 / / / 2.44 3.58 / / / /
10p14 / i / / 1.95 / / / /
11pl5.4 291 2.24 1.60 / / / / / j
11q12.1 230 3.20 / 2.36 / / / /
12pl1.1 / f / 425 | 681 / / / /
12q14.1  1.53 / / / / / / / j
12q24.11 / 2.35 3.02 / / / / / /
12q24.33 / / / 1.62 / / / / /
14932.33  3.89 / / 3.66 4.26 / /e
15q25.2 / / / / 432 HEE / /
16p11.2 / / / / 2.21 / / / /
17o13.1 [ / / / / /
19911 / / / / 55 / / / /
19p12¢ / / / / 1.68 / / / /
19p12a / / / / 2.77 / / / /
19g13.12a  2.10 2.06 / / / / / /
19q13.12b  2.14 1.91 / 2.81 2.18 / / / /
19q13.41 / / / 3.11 3.89 / / / /
19q13.42 / / 2.00 2.30 / / / /
20q11.22  1.56 / 4.29 / / B / /
21q21.1 / / / / 3.96 / / / /
22q11.21 / / / ! 4.47 / / / /
22q11.23 / / / / 2.47 / / / /
Xq28a  2.85 / / 3.19 3.92 / / / /
Xq28b  3.75 3.14 3.20 / / / / / /
K105 225 / / / / / J





OEBPS/Images/fonc.2022.820883_cover.jpg
’ frontiers
in Oncology

Screening and Identification
of Human Endogenous Retrovirus-K
mRNAs for Breast Cancer
Through Integrative Analysis
of Multiple Datasets





OEBPS/Images/fonc-12-820883-g001.jpg
GSE96860-76NF2V GSE96860-MCF10A GSE96860-MCF10A
AU565 MB468 MCF7 MDAMB231 AUS565 MB468  MCF7 MDAMB23  BRCAI-/- TNBC

/
E2 /
/ /
/ /
/ /

1p31.1 / /
1q22 250 /
1g23.3 / /
/

/

/ / / 7
-3.98 -1.94 -1.53 / 5
=3..89 =2 1L 3
SN 1
/ /
-2.19 -1.78 -1

/ / -3
—3.54 5 =5
=7

1924.1 /
1932.2 /
2q21.1
3ql2.3
3ql3.2
3g27.2
4pl6.1a
4pl6.3a
4q13.2
4q32.1
4q32.3
5q33.2
6pll1.2
6ql14.1
7q22.2
7q34
8p23.1a
9q34.11
11pl5.4 050671
11g23.3 /
12¢24.33 /
14q11.2 /
16p11.2 /
17p13.1 |G
19p12a /
19q11 /
19p12b /
19pl12¢  1.69
19p13.3 /
19g13.12b /
20ql1.22[0 48
21q21.1 /
Xq28b /
Ypll.2 /
K105 25

SERERSARAR SRS RS R RS S

o SRp oSy g SR TRY, SRg ARy L SR L GNE S B S BN ISR N SR ISR USSR SR S e SN SRR R S L ey Sy

B o e s o o s P o P B s e, e P B e B o o
N R N R, S S R, S S S N, S IS S A S T S S

/
/
i
/
i/
/
/
/
/
/

3

{
w





OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Screening and Identification of Human Endogenous Retrovirus-K mRNAs for Breast Cancer Through Integrative Analysis of Multiple Datasets

      

        		

          Objective

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Background

        



        		

          Materials and Methods

        

          		

            RNA-seq Data of BCa and Normal Samples

          



          		

            Expression Profiles of HERV-K Proviruses Mapped From Raw RNA-seq Data

          



          		

            Statistical Analysis of HERV-K Expression Between Tumors and Controls

          



        



        



        		

          Results

        

          		

            Characteristics of HERV-K Expression Signatures Across Different Studies Among Nine Datasets

          



          		

            Differential Expression Levels of HERV-Ks in Tumor Cells Compared With Healthy Control Cells

          



          		

            Abnormal Overexpression of HERV-Ks Discovered in BCa Tissues Compared With Control Tissues From Healthy Donors

          



          		

            Expression of 17p13.1 Provirus Was Closely Related to the Expression of Tumor Protein p53

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-12-820883-g003.jpg
40
35

30

expression

25

20

expression
N

GSE96860

*

e m—

=

MCF10A

AU565

GSE45419

*%k

e |

==

Normal

ER+

80

expression
8

20

expression
N

GSE96860

*kk
—_—

=

T6NF2V AU565

GSE45419

*
!

==

Normal HER2+





