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Abstract

Human endogenous retroviruses (HERVs) are the remnants of ancient retroviral infections integrated into the human
genome. Although most HERVs are silenced or rendered inactive by various regulatory mechanisms, they retain

the potential to influence the nearby genes. We analyzed the regulatory map of 91 HERV-Ks on neighboring genes

in human breast cancer and investigated the impact of HERV-Ks on the tumor microenvironment (TME) and prog-
nosis of breast cancer. Nine RNA-seq datasets were obtained from GEO and NCBI SRA. Differentially expressed genes
and HERV-Ks were analyzed using DESeq?. Validation of high-risk prognostic candidate genes using TCGA data. These
included Overall survival (multivariate Cox regression model), immune infiltration analysis (TIMER), tumor muta-

tion burden (maftools), and drug sensitivity analysis (GSCA). A total of 88 candidate genes related to breast cancer
prognosis were screened, of which CD48, SLAMF7, SLAMF1, IGLL1, IGHAT, and LRRC8A were key genes. Functionally,
these six key genes were significantly enriched in some immune function-related pathways, which may be associ-
ated with poor prognosis for breast cancer (p=0.00016), and the expression levels of these genes were significantly
correlated with the sensitivity of breast cancer treatment-related drugs. Mechanistically, they may influence breast
cancer development by modulating the infiltration of various immune cells into the TME. We further experimentally
validated these genes to confirm the results obtained from bioinformatics analysis. This study represents the first
report on the regulatory potential of HERV-K in the neighboring breast cancer genome. We identified three key HERV-
Ks and five neighboring genes that hold promise as novel targets for future interventions and treatments for breast
cancer.
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Introduction

Breast cancer is widespread worldwide and poses a
major threat to women’s health. Breast cancer in women
is estimated to surpass lung cancer by 2020 to become
the most diagnosed cancer for the first time [1]. Breast
cancer accounted for the highest percentage of cancer-
related deaths among women in 2020 and was the sec-
ond leading cause of cancer-related deaths in women [2,
3]. The genetic and phenotypic heterogeneity of breast
cancer and the lack of clear molecular targets leading to
its early detection, diagnosis, and treatment remain great
challenges. Multiple HERV-K transcripts and protein
overexpression have been reported in tumor specimens
from patients with breast cancer patients [4—6]. Increas-
ing scientific evidence has demonstrated that aberrant
activation of HERV-K has a significant impact on the
diagnosis and treatment of human cancers [7-10].

HERVs are important components of the host’s evolu-
tionary process. With the accumulation of mutations in
the HERV sequence, most of the HERV lost its coding
ability, but it was still found that its promoter activity was
not destroyed [11]. Different types of LTRs (5" pre-viral,
3’ pre-viral, and solo) as well as their relative positions to
genes, may influence the activity and regulatory charac-
teristics of LTR promoters [12, 13]. HERVs may mediate
tumor occurrence through chromosomal rearrangements
mediated by homologous recombination, encoding onco-
genic proteins, and mediating immune suppression.
Additionally, the regulation of neighboring gene expres-
sion by HERvs may be an important pathophysiological
mechanism [14, 15]. The distribution of HERVs in human
genes also provides favorable conditions for the regula-
tion of neighboring gene expression [16].

The HERV-K family is considered the most biologically
active member of the HERV family, and its abnormal
expression and activation in human tumors and other
diseases have been extensively studied [17]. The com-
plete HERV-K sequence is approximately 9.5 kb long and
includes four viral protein-coding sequences (gag, pro,
pol, and env) located between two identical long terminal
repeat (LTR) sequences [18, 19]. The Flanker virus LTR
(Long Terminal Repeat) is a critical component of the
viral genome that contains U3R and U5 regions arranged
in a 5’ to 3’ direction. These regions are essential for the
replication and transcription of the viral genome. Sev-
eral important functional elements within the LTR play
vital roles in regulating viral gene expression and repli-
cation, including promoters, enhancers, TATA-inde-
pendent polyadenylation sites, and multiple transcription
factor-binding sites (TFBSs) [20]. The regulatory effects
of HERV-K depend on the integration site and sur-
rounding genes [21, 22]. Based on phylogenetic analy-
ses, the LTR sequences of HML-2 have been classified
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into three subgroups: LTR5A, LTR5B, and LTR5Hs [16].
Highly active LTR5Hs/LTR5 can act as distal enhancers
to regulate host genes [12]. Certain HERV-K sequences
have been shown to specifically regulate specific genes
or genomic regions. HERV-K-mediated non-allelic gene
recombination induces chromosomal rearrangements
in prostate cancer. The upstream sequence of HERV-K
5'LTR, situated at 22q11.23, can undergo recombination
with the transcription factor ETS, resulting in the upreg-
ulation of the proto-oncogene ETV1 (ETS variant 1). This
process may promote cancer development and progres-
sion [23].

Combining transcriptomic and clinical data to deter-
mine prognostic indicators for breast cancer can enhance
predictive accuracy to some extent and has important
clinical implications. The tumor microenvironment
(TME) refers to the noncancerous cells and components
present within a tumor and the molecules they produce
and release. Continuous interactions between tumor
cells and the tumor microenvironment (TME) are closely
linked to tumors’ occurrence, progression, and metas-
tasis [24, 25]. In this study, we performed a joint analy-
sis of GEO and TCGA data, validated candidate genes
associated with breast cancer prognosis selected from
GSE using TCGA data, and explored patient prognosis,
immune status, and treatment response based on sur-
vival analysis, immune cell infiltration, and drug sensitiv-
ity features.

Materials and methods

Localization and characterization of genes in the vicinity

of 91 HERV-K sequences

We downloaded 91 HERV-K sequences (GenBank ID
JN675007-JN675097) from the Gene Expression Omni-
bus (GEO-NCBI) database and BioMart from Ensembl
(http://asia.ensembl.org/index.html) to search for genes
located within a 60 kb range upstream and downstream
of HERV-K.

Collection and processing of GEO data
Nine RNA-seq data were obtained from GEO and NCBI
SRA, which were original data from nine laboratories
respectively, including GSE52194 (non-TNBC, HER2 +,
TNBC), GSE45419 (ER+, HER2+, TNBC), GSE103001
(ER+), GSE58135 (ER+, TNBC), GSE133998 (HER2+),
GSE183947 (MBC), GSE171957 (MDA-MB-231
and HCC1937 cells), GSE96860 (AU565, HCC1954,
MDA-MB-231, MB436, MB468, HCC1937 cells), and
GSE111842 (MCF7, ZR751, MB361, UACC812, SKBR3
cells).

The study included 199 clinically invasive breast cancer
tissue samples, 11 normal breast controls from healthy
donors, 44 BRCA cell samples, and eight normal control
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cell samples. Detailed information on each dataset is pre-
sented in Additional file 1: Table S1. A combined index
was constructed using 91 HERV-K and human refer-
ence genome sequences (http://ftp.ensembl.org/pub/
release-106/fasta/homo_sapiens/cdna/Homo_sapiens.
GRCh38.cdna.all.fa.gz). Subsequently, the Salmon soft-
ware was used to map the raw sequencing data to this
index, followed by integration using the tximport R pack-
age. Differential analysis of HERV-K and genes in breast
cancer samples was then conducted using the DESeq2
R package, with the screening criteria set at p<0.05, and
|log2(fc)|> 1.5.

Select and visual candidate genes related to breast cancer
prognosis from the neighborhood genes of HERV-K

The criteria for gene selection were as follows: (i) can-
didate genes were neighborhood genes of HERV-K; (ii)
both candidate genes and HERV-K exhibited differential
expression between breast cancer and normal control
samples; and (iii) the expression of candidate genes was
significantly correlated with that of HERV-K. Based on
the aberrant activation expression of HERV-K among
different samples, each HERV-K and its corresponding
neighboring genes were considered as one group. The
corresponding neighborhood genes were screened from
DEGs, and the Pearson correlation coefficient was cal-
culated. A correlation heat map was used to display the
analysis results visually. There was a significant correla-
tion between the expression of HERV-K and its neighbor-
ing genes, and the corresponding correlation coefficient
appeared in the corresponding heat map region (p <0.05).
In this step, the R language "ggcorrplot” software pack-
age was used to complete the analysis. The selected genes
from different datasets were visualized using a clustering
heatmap and Venn diagram.

Crossover genes that appear in at least two breast can-
cer subtypes have been identified as candidate genes
related to breast cancer prognosis and treatment. The
Gene Ontology (GO) enrichment analysis of candidate
genes was performed using the "clusterProfiler" R soft-
ware package [26].

Survival analysis and mutation burden analysis

Breast cancer samples were obtained in the FPKM for-
mat of RNA-seq data, MAF data, and relevant clinical
data from the TCGA database, including survival status,
staging, gender, and age. In addition, gene expression
profiles of the control group (non-tumor samples) were
acquired using the Genome Tissue Expression (GTEx)
project (https://www.gtexportal.org). Validation of candi-
date genes for high-risk prognosis through an integrated
analysis of GEO and TCGA data [27]. A multivariate Cox
regression model was used to estimate overall survival
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(OS), and Kaplan—Meier curves were used to analyze
the relationship between OS and the candidate genes.
Further validation of the effectiveness and accuracy of
the candidate genes in predicting 5-year prognosis was
performed using ROC curves [28]. Tumor mutation bur-
den (TMB) analysis is carried out using the "maftools" R
package [29].

Immune infiltration analysis

The TIMER online platform (https://cistrome.shiny
apps.io/timer/) enables users to explore the correla-
tion between immune cell infiltration and various fac-
tors, including somatic copy number alterations, somatic
mutations, gene expression, and clinical outcomes.
Users can use this platform to analyze the abundance of
immune cell infiltration in different types of cancer and
its association with different genomic and clinical fea-
tures [30]. The abundance of tumor-infiltrating IMmune
cells (TIICs) can be inferred from the gene expression
profile through the TIMER (Tumor IMmune Estimation
Resource), and 6 TIICs subpopulations (CD4+T cells,
CD8+T cells, macrophages, B cells,) can be provided
During the development and progression of tumors,
malignant cells and tumor-infiltrating immune cells
(TIICs) interact through a variety of gene products and
pathways that are critical to understanding the tumor’s
immune environment and immune response TIMER can
help researchers study and understand the complexity
of tumor immunology and provide important informa-
tion for clinical treatment and prognostic evaluation. The
GSCA database (http://bioinfo.life.hust.edu.cn/GSCA)
was used for drug sensitivity analysis [31].

RT-PCR and correlation analysis

Total RNA was extracted from normal breast epithelial
cell MCF-10A,and breast cancer cell MCF-7, AU565,
MB468, and MB231 using TRIzol (ThermoFisher). The
RNA concentration was diluted to 200 ng/pL. cDNA
was synthesized using the PrimeScript RT reagent Kit
(Takara, RR037A). The RT-PCR reaction was performed
using SYBR Premix Ex Taq (Takara, RR047A) and con-
ducted on the StepOnePlus real-time PCR system
(Applied Biosystems, 4,376,600). ACTIN gene was used
as the internal control for gene expression analysis. The
relative expression levels were calculated using the 2744Ct
method. Each experiment was performed in triplicate
and repeated three times. The primer sequences used in
this study are listed in Additional file 4: Table S4. Further,
correlation analysis was performed to calculate the Pear-
son correlation coefficient for differentially expressed
genes between normal breast epithelial cells and breast
cancer cells.
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Results

Distribution of HERV-K and neighboring genes

in the human genome

Within the 60 kp upstream and downstream ranges of
91 human-specific HERV-Ks, there were 370 genes,
including some pseudogenes. The distribution of host
genes was relatively dense within the 0—35 kp sequence
range around HERV-K. Additionally, over one-third
of HERV-K reninsertions occur in certain host genes.
The distribution of the 91 HERV-Ks in human chromo-
somes (Fig. 1) and the coordinates of the HERV-K loci
and their corresponding neighboring host genes are
shown in Additional file 2: Table S2.
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Fig. 1 Distribution of 91 HERV-K on human chromosomes
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Differential expression analysis of DEGs and correlation
analysis of HERV-K and neighboring gene expression
between sample groups

Salmon software was used to map the raw sequencing
data downloaded from the Gene Expression Omnibus
and NCBI SRA to the 91 HERV-K genomes. Almost all
HERV-Ks exhibited abnormal expression in breast can-
cer, with different expression patterns observed in each
dataset. Based on the results of the correlation analy-
ses between each abnormally expressed HERV-K and
its neighboring genes, more than 10% of the HERV-K
aberrantly activated in breast cancer correlated with
the expression of neighboring genes. The relevant data
included GSE52194, GSE45419, GSE103001, GSE171957,
GSE58135, and GSE96860, and Heat maps were
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generated using R software (version 4.2.2) (Additional
file 5: Figure S1).

In the six GSE datasets, 78 genes showed a positive
correlation with HERV-K expression, whereas 10 genes
exhibited a negative correlation (Fig. 2A), among which
34 genes were identified in more than two subtypes of
breast cancer samples (Fig. 2B). Among the six GSE
datasets, 15 candidate HERV-K and 24 candidate genes
were screened in GSE52194.,4 candidate HERV-K, seven
candidate genes in GSE45419, one candidate HERV-K,
and one candidate gene in GSE96860, three candidate
HERV-K, and six candidate genes in GSE171957. Ranked
by |logFC|, LRRC8A was significantly underexpressed in
ER+, HER2+, and TNBC. IGHG2 expression is signifi-
cantly higher in ER+and HER2+ breast cancer. CD48,
SLAMEF7, and SLAMF1 levels are significantly higher in
HER2+, and TNBC IGLL1 expression was significantly
high expressed in ER+and HER2+breast cancer cells
(Fig. 2C).

High expression of neighboring candidate genes

of HERV-K is associated with poorprognosis in breast
cancer

Functional enrichment analysis revealed that the 34 can-
didate genes were primarily associated with lymphocyte-
mediated immunity, leukocyte-mediated immunity,
phagocytosis, immune response regulatory cell surface
receptor signaling pathway, B cell activation, pre-B cell
differentiation, and other pathways related to immune
function (Fig. 3A). Further screening revealed six key
genes involved in immune regulation, namely, IGHG2,
IGHG4, IGLL1, SLAMF7, SLAMF1, CD48, and IGHAI,
LRRCS8A. These genes were strongly correlated with the
expression of their corresponding neighboring HERV-K
genes. The teams included SLAMF7, SLAMF1, and CD48
with HERV-K_1q23.3, IGHG2 with HERV-K_14q32.33,
IGLL1 with HERV-K_22q11.23, IGHA1 with HERV-
K_14q32.33, and LRRC8A with HERV-K_9q34.11. The
risk score for each breast cancer patient was calculated
using multivariable Cox regression analysis. Based on the
risk score, the patients were divided into two groups: a
high-risk group consisting of 490 patients and a low-risk
group consisting of 491 patients. Kaplan—Meier analy-
sis revealed that the low-risk group had a significantly
higher survival rate than the high-risk group (p=0.004)
(Fig. 3B). The Area Under the Curve (AUC) of the ROC
curve is 0.69, indicating that the prognostic risk model
exhibits moderate effectiveness in predicting survival
outcomes (Fig. 3C).
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Correlation between the expression of immune-related
genes and immune cell infiltration in breast cancer
microenvironment

Tumor immune infiltration into the tumor microenvi-
ronment is a critical factor that influences the effective-
ness of cancer treatment and patient prognosis [32].
We evaluated the correlation between the expression
of IGLL1, SLAMF7, SLAMF1, CD48, and LRRC8A and
the immune infiltration profile in breast cancer using
data downloaded from TCGA. The results showed that
IGLL1, SLAMF7, SLAMF1, CD48, and LRRC8A were
closely associated with immune infiltration in breast
cancer (p<0.05, Fig. 4). Among the 24 types of infiltrat-
ing immune cells, B cells, CD8+T cells, CD4+T cells,
neutrophils, macrophages, and dendritic cells were
strongly positively correlated with the expression of
LRRCS8A, SLAMF7, SLAMF1, and CD48 genes (p <0.05).
The IGLL1 gene shows positive correlation with these
immune cells, but its expression level is low and the cor-
relation is weak.

Mutation analysis and drug sensitivity analysis

Further mutation analysis on the 34 genes was performed
using the "maftools" R package. A waterfall plot was gen-
erated to show the 18 genes with the highest mutation
rates, with different colors indicating different muta-
tion types (Fig. 5A). Immune-related genes (SLAMFI,
SLAMEF7, and LRRC8A) had relatively high mutation
frequencies.

In LRRCS8A, six mutation sites were detected within
amino acids 0-800 of the LRRC8A protein. These muta-
tions consisted of five missense and one nonsense muta-
tion (Fig. 5B). In SLAMFI1, five mutation sites were
identified within amino acids 0-335 of the SLAMF1
protein. Among them, there were four missense muta-
tions and one frameshift deletion (Fig. 5C). In SLAMEF?7,
four mutation sites were identified within amino acids
0-335 of the SLAMF7 protein. These mutations include
two missense mutations, one frameshift deletion, and
one nonsense mutation (Fig. 5D). In CD48, two missense
mutation sites were found within amino acids 0-250 of
the CD48 protein (Fig. 5E). To gain further insights into
the clinical relevance of the upregulated expression lev-
els of immune-related genes, namely IGLL1, SLAMEF?7,
SLAMFI1, and CD48, we utilized the GSCA database
to investigate the potential associations between their
expression levels and drug sensitivity (Fig. 5F). Lower
expression of the LRRC8A gene is associated with
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reduced sensitivity of breast cancer patients to chemo-
therapy drugs such as BX-912, AR-42, AT-7519, BHG712,
CAL-101, and CAY10603. Conversely, higher expres-
sion levels of IGLL1, SLAMF7, SLAMF1, and CD48 have
been linked to decreased sensitivity to chemotherapeutic
drugs.

The activated expression of HERV-K influences

the expression of neighboring genes

Comparing the gene expression between normal breast
epithelial cells and four types of breast cancer cells, it
was found that all four different types of breast can-
cer cells exhibited differential expression of theHERV-
K _1q23.3, SLAMF1, HERV-K 22q11.23, IGLLI,
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HERV-K_9q34.11 and LRRC8A. In three different types
of breast cancer cells, differential expression was also
observed in genes including HERV-K_1q23.3, CD48,
SLAMF1, SLAMF7, HERV-K_22q11.23, IGLL1, HERV-
K_9q34.11, and LRRC8A (Fig. 6). Further correlation
analysis was performed for differentially expressed
HERV-K and their adjacent genes. The results demon-
strated consistency with the aforementioned bioinfor-
matics analysis, showing that differentially expressed
HERV-K and their adjacent genes include HERV-
K_1q23.3 with CD48, SLAMF1, and SLAMF7; HERV-
K_22q11.23 with IGLL1; and HERV-K_9q34.11 with
LRRCB8A (Additional file 6: Figure S2).

1 02 03
Infiltration Level

Fig. 4 The association between IGLLT SLAMF7 SLAMF1 CD48 LRRC8A expression and immune cell infiltrations

04

Discussion

In the field of epigenetics research, human endogenous
retrovirus (ERV) sequences are considered to play a cru-
cial role in regulating gene expression and preserving
genome stability. HERV-K elements can influence the
expression levels of neighboring genes through diverse
regulatory mechanisms, such as DNA methylation, his-
tone modifications, and non-coding RNA interactions.
These regulatory processes play critical roles in tumor
occurrence and development. Understanding the impact
of HERV-K elements on nearby gene expression is crucial
for unraveling their potential implications in cancer biol-
ogy and disease progression [12, 33, 34]. Here, we report
for the first time the regulatory potential of 91 HERV-K
proviruses on neighboring genes following abnormal
activation in breast cancer. HERV-K may mediate the
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Altered in 56 (77.78%) of 72 samples.
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transcription of neighboring genes through proximal reg-
ulatory functions. HML-2 is considered the most recently
integrated family of HERV-K elements, is the most bio-
logically active subgroup within the HERV-K family,
and possesses distinctive features in the human genome
[14, 35], which provides a good system for exploring the
regulatory function of HERV-K in neighboring genomic
regions.

Constantly emerging evidence indicates that the
genomic coordinates of HERV-K and sequence infor-
mation of different insertion sites are being explored
in the human genome. HERV-K sequences exist in two
main forms in the human genome: one with a complete
or nearly complete proviral sequence and the other
composed only of LTR sequences [36]. Some insertion
loci are referred to as proviral insertion sites because
they contain one or more coding sequences for viral
proteins. Indeed, genes located in the 0-35 kp region
adjacent to HERV-K sequences in the human genome
are known to be relatively densely distributed. One
intriguing possibility is that the provirus, which is viral
DNA integrated into the host genome, might undergo

gene fusion with its neighboring host gene. This fusion
event might have resulted in the creation of novel chi-
meric genes with potentially altered functions. Further
research in this area could shed more light on the func-
tional consequences of these potential gene fusions and
their implications for human biology and health [37]. A
total of 34 candidate genes were selected and screened
to predict the prognosis of breast cancer effectively
(p=0.004). These genes were carefully chosen based
on their potential association with HERV-K expression
and involvement in immune-related functions. The goal
was to identify genes that could serve as reliable prog-
nostic indicators of breast cancer, allowing for a more
accurate prediction of patient outcomes and disease
progression.

Through rigorous analysis and validation, we aimed to
determine the significance of 34 candidate genes in breast
cancer prognosis and patient survival. CD48, SLAMF?7,
IGLL1, SLAMF1, IGHG2 and LRRC8A, deserve more
investigations. These six genes were significantly enriched
in immune function-related pathways. Among the 34
candidate genes, CD48 showed the highest expression
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(logfC=15.52), followed by SLAMF1 (logFC=13.35).
All six key genes were identified as candidate genes in
two or more samples. IGHG2 exhibited high expres-
sion in estrogen receptor-positive) and HER2+ (and
human epidermal growth factor receptor 2-positive)
breast cancer. On the other hand, CD48, SLAMFI, and
SLAME7 were highly expressed in HER2+and triple-
negative breast cancer (TNBC), and IGLL1 was highly
expressed in ER+and TNBC tissues; These six key genes
are closely associated with immune infiltration in breast
cancer. In breast cancer, the high expression of SLAMF1,
SLAMF7, CD48, and IGLL1 is positively correlated with
the infiltration of B cells, CD8+T cells, CD4+T cells,
macrophages, neutrophils, and dendritic cells. Con-
versely, the expression of LRRC8A is negatively corre-
lated with the infiltration of the aforementioned immune
cells. This suggests that the high expression of SLAMFI,
SLAMF7, CD48, and IGLL1, as well as the low expres-
sion of LRRC8A, may induce or participate in activat-
ing the immune response within breast cancer tissue,
regulating the activity and quantity of immune cells,
thereby influencing the recognition and attack of tumor
cells by immune cells. This infiltration of immune cells
may be associated with the malignancy and prognosis
of the tumor. IGLL1 showed a positive correlation with
these immune cells, but its expression level was low, and
the correlation was weak. However, the involvement
of this gene in immune escape remains unclear. Fur-
ther research is needed to investigate these results, and
the results of the drug sensitivity analysis indicated that
IGLL1, SLAMF7, SLAMF1, CD48, and LRRC8A might
decrease sensitivity to specific chemotherapy drugs, fur-
ther affecting the treatment efficacy for breast cancer.
These variations in gene expression levels may influence
the selection of treatment strategies and the prediction of
therapeutic effectiveness. Further research is needed to
elucidate the underlying mechanisms and potential clini-
cal implications of this combination. Through in vitro
experiments, we have confirmed that the activation
of HERV-K in different subtypes of breast cancer cells
(MCEF-7, AU565, MDA-MB-231, and MB468) has a regu-
latory effect on neighboring genes. We observed certain
differences in the expression of HERV-K_1q23.3, HERV-
K_22q11.23, HERV-K_9q34.11, and HERV-K_14q32.33
and their adjacent genes in different breast cancer cell
lines, which may be related to the heterogeneity of breast
cancer cells [38, 39]. Furthermore, no differential expres-
sion was observed in HERV-K_14q32.33 across the four
cell lines. However, a comprehensive analysis of gene
expression results clearly indicates significant differential
expression of HERV-K_1q23.3, SLAMF1, IGHG2, HERV-
K_22q11.23, IGLL1, HERV-K_9q34.11, and LRRCS8A in
breast cancer cells, with a significant correlation between
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HERV-K and its corresponding neighboring genes. This
finding is consistent with the trends identified in previ-
ous bioinformatics analyses.

The SLAM family (SLAMEF) is a group of cell surface
receptors that are involved in co-stimulation, cytokine
production, and cytotoxicity and are crucial for regulat-
ing immune responses and facilitating communication
between different immune cells [40-42]. The SLAM
family (SLAMF) consists of nine cell surface receptors:
CD150 (SLAM, SLAMF1), CD48 (SLAMF2, BLAST-
1), CD229 (SLAMF3, Ly9), CD244 (SLAMF4, 2B4),
CD84 (SLAMF5), CD352 (SLAMF6, Lyl08, NTB-A),
CD319 (SLAMF7, CRACC), CD353 (SLAMFS8, BLAME),
and CD84H (SLAMF9, SF2001). These receptors are
involved in various aspects of immune function, such
as co-stimulation, cytokine production, and cytotoxic-
ity. Among the SLAM family members, CD48 (SLAMF2
and BLAST-1) plays a primary role in the adhesion and
activation of immune cells. It is expressed on the sur-
faces of different immune cells and is crucial for mediat-
ing interactions between these cells. CD48 is involved in
immune cell signaling and regulation, and its functions
are essential for coordinating immune responses and
promoting effective immune cell communication [43].
In the immune system, CD48 was the first discovered
receptor for growth differentiation factor 15 (GDF15),
and studies have shown that upregulated expression of
GDF15 in HCC can regulate the suppressive function
of natural Tregs (nTregs) through interaction with the
CD48 receptor on T cells and transcriptional gene silenc-
ing mechanisms [44]. SLAMF1 is a co-stimulatory mol-
ecule involved in immune regulation that participates
in host innate and adaptive responses [45]. In cancers
like Hodgkin’s lymphoma and chronic lymphocytic leu-
kemia, IGLL1 also plays a crucial role in regulating the
tumor microenvironment and determining the fate of
malignant cells. Its involvement in these processes ren-
ders it a potential target for cancer treatment and further
research [46]. SLAMF7 (also known as CD319, CRACC,
and CS1) plays a central role in highly activated mac-
rophage-related inflammatory diseases [36, 40]. SLAMF7
activation in inflammatory macrophages is a key pathway
driving the pathology of acute and chronic inflamma-
tory human diseases [47]. IGLL1, also known as immu-
noglobulin lambda-like polypeptide 1, is a member of the
immunoglobulin gene superfamily that plays a vital role
in B cell development [48]. IGHG2 (immunoglobulin
heavy constant y2) is a protein-coding gene that is associ-
ated with certain diseases such as immunoglobulin kappa
light chain deficiency. Related pathways involve the pro-
duction of C4 and C2 activators and the innate immune
system [49]. Leucine-rich repeat protein A (LRRC8A),
also known as SWELLL, is a core component of anionic
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channels (VRAC) [50]. LRRC8A is closely associated
with the occurrence of multiple tumors [51-53].

An imbalance in the tumor immune microenviron-
ment (TME) is one of the most significant characteristics
of tumors [54]. The TME contains a variety of cell types,
including tumor cells, stromal cells, and immune cells
(T cells, B cells, and macrophages) [55]. The adaptive
immune response mediated by immune cells plays a key
role in tumor progression [56]. In various cancer types,
the infiltration of immune cell populations has shown
diverse prognostic outcomes, with immune cell types
such as CD8+T cells, B cells, CD4+T cells, and neu-
trophil-macrophage dendritic cells playing crucial roles
in the progression of specific tumors and influencing the
response to immunotherapy [57-59]. In a small num-
ber of tumors, the infiltration of innate immune-related
cells, such as natural killer (NK) cells, bone marrow-
derived suppressor cells (MDSC), and DCs, is associated
with prognosis, but the difference is great. Macrophage
infiltration is a hallmark of solid cancers, and overall
macrophage infiltration is associated with lower patient
survival and treatment resistance [59]. The M1I-type
macrophages and M2-type macrophages are two dis-
tinct polarized subtypes of macrophages. M1-type mac-
rophages are typically associated with antitumor immune
responses and inflammation. Conversely, M2-type
macrophages are associated with anti-inflammatory
responses, immune regulation, and tumor growth[60].
The development of tumors is often associated with an
imbalance between M1/M2-type macrophages[61, 62].
HERV-K may regulate immune responses, tumor pro-
gression, and treatment outcomes in breast cancer by
potentially influencing macrophage activity and pheno-
type. Additionally, neutrophil mast cells and eosinophils
have been associated with several tumor outcomes, with
high neutrophil infiltration predicting poor prognosis
and mast cells and eosinophils predicting good prog-
nosis[63]. Therefore, we propose that the expression of
immune-related genes in the breast cancer microenviron-
ment is closely associated with immune cell infiltration.
HERV-K_1q23.3, HERV-K_14q32.33, HERV-K_22q11.23,
and HERV-K_9q34.11 may be markers of immune infil-
tration and poor prognosis in breast cancer.

Interestingly, the HERV-K sequence at locus 1q23.3,
was completely integrated within the exon of CD48,
with a 99.98% overlap with the CD48 gene sequence.
The protovirus is 9232 bp in length, and with 5'LTR-gag-
pol-env-3'LTR structure, we speculate that the change
of CD48 expression is closely related to the insertion
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of HERVK_1q23.3 into the CD48 sequence. In addi-
tion, CD48, SLAMF7, IGLL1, SLAMF1, IGHG2, and
LRRCB8A showed different degrees of mutation. This may
be another way in which HERV-K in the human genome
shapes host genes [64].

Here, we found that in breast cancer samples, abnor-
mally activated HERV-K viruses upregulated the expres-
sion of certain neighboring genes and downregulated
the expression of certain genes. Of course, the ability to
upregulate the expression of neighboring genes is more
significant. For example, HERV-K 14q32.33 not only
upregulates the expression of its upstream neighboring
gene IGHG2 but also downregulates the expression of
its downstream neighboring gene IGHAI According to
previous reports, HERV-K has a bidirectional promoter
activity. We speculate that the potential antisense tran-
script at 14q32.33 may downregulate the expression of
the IGHAI transcript [65]. These observations strongly
support the hypothesis of diversity in HERV-regulated
host gene pathways [12]. Further studies are needed to
investigate how the original HERV-K viruses regulate
their neighboring genes.

Our study extensively utilized publicly available raw
data from nine laboratories to ensure high credibility and
richness of the samples. These data substantially reflect
the abnormal expression patterns of HERV-Ks in breast
cancer, providing a substantial basis for further inves-
tigating the regulatory relationship between abnormal
HERV-K expression and neighboring immune-related
genes. However, it is essential to acknowledge the inher-
ent limitations of bioinformatics analysis, despite our
careful efforts and experimental validation. Moreover,
whether our findings can be extrapolated to other types
of tumors requires further validation and research.

Conclusion

In summary, this study investigated for the first time the
regulatory effects of 91 HERV-K proviruses on the neigh-
boring genomic regions in breast cancer. The research
revealed their relationship with clinical prognosis,
immune cell infiltration, and their roles in the progres-
sion of breast cancer. Despite certain limitations in bioin-
formatics, our data analysis and experimental validation
preliminarily identified three critical HERV-K proviruses
and five proximal genes closely associated with immune
cell infiltration and prognosis in breast cancer. These
findings offer new targets to advance more precise and
personalized immune therapies for breast cancer.
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